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THESIS ABSTRACT 
 
The rise in global population, increasing economic status in the developing world, 
reduction in arable land and increase in extreme weather all pose serious problems to sustaining 
sufficient food production to meet the ever increasing demand. With yields per unit land area 
failing to increase to match the rising demand, rapid improvements in plant productivity will be 
necessary. This thesis aimed to discover whether two novel cyanobacterial genes that putatively 
increase photosynthesis are able to improve photosynthesis and productivity in soybean, the 
world’s fourth most produced food crop. Glycine max [L.] Merr cv. Thorne were transformed 
with the two cyanobacterial genes, ictB and FBP1, and first examined under controlled 
greenhouse conditions and then over two years of field trials in current and future [CO2] (585-
590 µmol mol
-1
) to determine the potential of improving an already highly productive C3 crop 
species. The ictB gene was expected to facilitate bicarbonate transfer across the plastid 
membrane, thereby increasing [CO2] within the stroma and at the site of RuBP 
carboxylase/oxygnease (Rubisco). In the greenhouse study, the G. max expressing the ictB gene 
showed increases of 10% in the in vivo rate of RuBP- (ribulose-1:5-bisphosphate) limited 
photosynthesis, 9% in RuBP-saturated photosynthesis, and 24% in mesophyll conductance to 
CO2. Importantly, the final plant mass increased by 13%, and seed yield by 15%. Consistent with 
the greenhouse experiment, the ictB line in the two year field trials showed higher rates of light-
saturated leaf CO2 uptake of 15% in ambient [CO2] relative to wild type. The elevated [CO2] had 
an additive effect on photosynthesis and productivity in the ictB line, showing an increased rate 
of light-saturated CO2 uptake of 25% and increased seed yield of 27% compared to wild type in 
elevated [CO2]. The ictB line showed a significant increase in the maximum quantum yield of 
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CO2 uptake, strongly suggesting that ictB acts to increase passive diffusion of inorganic carbon 
to Rubisco.  
The FBP1 gene encodes the FBPase/SBPase bifunctional enzyme which has the same 
enzymatic function as the two individual enzymes present in higher plants. These two enzymes 
regulate key steps in the reductive pentose-phosphate (Calvin) cycle, the primary pathway for 
carbon fixation in higher plants. G. max plants expressing the FBP1 gene only showed increased 
photosynthesis and productivity when grown in the open-air field trails. The FBP1 line, G. max 
expressing the FBP1 gene, had increased photosynthesis when grown in elevated [CO2] 
consistent with the hypothesis that expression of the FBP1 gene would increase capacity for 
RuBP-regeneration at elevated [CO2], showing 16% higher rates of leaf photosynthetic CO2 
uptake (Asat ) and a 11% increased maximum rate of electron transport (Jmax). The FBP1 line also 
exhibited a 10.5% increase in seed yield per hectare, likely due to an increase in the number of 
nodes and pods. Increases in yield were also likely due to a significant extension of seed fill in 
the FBP1 line. The research presented in this thesis provides the first comprehensive and 
statistically defensible data that these transformations do actually increase the photosynthesis and 
yield of a major food and feed crop under field conditions, and that these increases will not be 
diminished by rising atmospheric [CO2]. 
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CHAPTER 1: GENERAL INTRODUCTION 
 
Introduction 
Sustaining sufficient food production from crop plants is becoming an ever increasing 
problem due to the continuing rise in population, rapid economic development of East Asia and 
decrease in arable land related to unsustainable field practices. In addition, increases in extreme 
weather events, droughts and tropospheric ozone damage threaten to reduce crop productivity 
(IPCC 2007; Brown 2011). Increases in atmospheric CO2 concentration [CO2] from 
anthropogenic activities was originally expected to help improve crop yields, but its effect on C4 
crops are marginal, and the gains in C3 crop yield are far below the expected improvement (Long 
et al. 2006; Ainsworth et al. 2008). Other elements of atmospheric change may also drive down 
yield. A recent analysis, for example, suggests that a 2 °C increase in temperature could drive 
down global wheat yields by as much as 40% (Asseng et al. 2011). The often overlooked change 
of increasing global tropospheric ozone, particularly in East Asia, could further lower yields 
(Ainsworth 2008; Feng and Kobayashi 2009). These factors may require even larger increases in 
yield potential to keep pace with increasing demand. Soybean is the fourth most important crop 
in terms of global mass production, which stood at 262 Mt in 2010 (FAOSTAT, 2012). While 
soybean yields per unit land area continue to rise, these fall short of increases in global demand 
(Ainsworth et al. 2012). What avenues exist to improve yields of the major crops, including 
soybean, to meet the future demands of food production? 
 The potential yield (Y) of a seed crop at a given location is the product of the efficiencies 
with which that crop can, over the growing season, intercept the available solar radiation (i), 
convert the radiation into biomass (c) and then partition the biomass energy into the seed (p) 
(Monteith, 1977). Genetic yield potential is the yield that a genotype may achieve at a given 
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location under optimal conditions. The decades following the green revolution saw large 
increases in both i and p in the three major C3 crops: wheat, rice and soybean (Long and Ort, 
2010; Zhu et al. 2010). Zhu et al. (2010) showed that for a modern soybean cultivar i and p are 
0.9 and 0.6, respectively, and therefore close to their theoretical maxima, leaving only c as a 
means for further genetic improvement of yield potential, other than extending the growing 
season (Dohleman and Long 2009; Long et al. 2006b; Zhu et al. 2010a).  
This plateauing of improvement in i and p appears to be reflected, at least in part, by 
much smaller increases in global yields of all the major crops except maize over the most recent 
decade, compared to the 1970s and 1980s (Long and Ort, 2010; Parry et al. 2011). This suggests 
that further increases in yield potential must come in large part from improvement of c, which 
falls far below the theoretical upper limit. Photosynthesis of the crop canopy is the primary 
determinant of c, and although conventional plant breeding approaches have resulted in 
selection for some improvement in photosynthetic efficiency, these changes have been small 
(Watanabe et al. 1994), suggesting that there may be far less variation within the breeding 
germplasm in c than in i and p from which to select. Given this lack of variability, introducing 
genes from other photosynthetic organisms may be required to enhance c to the degree required 
to see improved productivity. The cyanobacterial genes ictB (inorganic carbon transporter B) and 
FBP1, discussed in the following chapters, present two possible strategies to accelerate 
improvement of photosynthetic efficiency (Miyagawa et al. 2001; Lieman-Hurwitz et al. 2003). 
 
Enhancing Photosynthesis 
Certain photosynthetic organisms have evolved mechanisms to elevate CO2 at the active 
site of Ribulose-1,5-bisphosphate carboxylase oxygenase (Rubisco). C4 photosynthesis does so 
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by using the C4 dicarboxylic acid cycle as an energy driven CO2 “pump”. A major ongoing effort 
is pursuing the possibility of engineering an effective C4 photosynthetic system into rice 
(Hibberd et al. 2008; Zhu et al. 2010). However, this goal requires engineering of not only the 
complete C4 pathway, but also Kranz anatomy and several associated transporters, as well as 
obtaining a full understanding of the elements that provide the dimorphic plastids and 
photosynthetic cell types. As of yet, the molecular basis of the combination of pathways and 
Kranz anatomy remains poorly understood. So while the pursuit of understanding how a C3 crop 
may be converted to C4 is important, the timescale is likely to be long, and success uncertain. 
There are potentially simpler approaches that may achieve some elevation of [CO2] at Rubisco in 
C3 plants, one of which is to increase the liquid-phase conductance of CO2 transfer from the 
intercellular leaf space to Rubisco in the chloroplast (gm; Bernacchi et al. 2002; Parry et al. 2011; 
Price et al. 2011). 
Calculations based on measurements of 
13
C/
12
C fractionation in photosynthesis suggest 
that [CO2] within the C3 chloroplast (cp) during photosynthesis is about half the ambient air 
[CO2]. This difference is due to the fact that diffusive resistance to the flux of CO2 into the leaf 
leads to a lower intercellular air-space concentration (ci), resulting in average ci/ca of about 0.7 
(Ainsworth and Long 2005). Additionally, “resistance” to transfer from the intercellular space to 
the chloroplast stroma results in a further decline, such that cp/ca is about 0.5, and at the present 
atmospheric [CO2] of 392 µmol mol
-1
 then cp ≈ 200 µmol mol
-1
. If conductance to CO2 diffusion 
from the air space into the chloroplast stroma (gm) could be doubled, this would also increase 
Rubisco-limited and ribulose bisphosphate (RuBP)-limited leaf photosynthetic CO2 uptake at 
22°C by 10.3% and 5.7%, respectively, without negatively affecting a plants’ water use 
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efficiency, following the reasoning of Long et al. (2004). These gains would increase to 14.2% 
and 9.4%, respectively, at 35°C, following the temperature corrections of Bernacchi et al. (2003).  
Cyanobacteria include a number of species with mechanisms for increasing the transfer 
of dissolved inorganic carbon (DIC) across the cell membrane and for increasing [CO2] at 
Rubisco, at a substantially lower cost of ATP than in C4 photosynthesis (Price et al. 2011; Price 
et al. 1998). One putative cyanobacterial DIC transporter, ictB from the cyanobacterium 
Synechococcus strain PCC 7942 (Bonfil et al. 1998), has already been engineered into 
Arabidopsis thaliana and Nicotiana tabacum L. (tobacco; Lieman-Hurwitz et al. 2003). This 
reportedly resulted in increased productivity, increased leaf photosynthesis especially at low 
atmospheric [CO2], a lower photosynthetic [CO2] compensation point, a lower intercellular 
[CO2], and increased water use efficiency (WUE; the ratio of CO2 assimilation rate to 
transpiration rate). All of these factors, except the increase in WUE, are consistent with a 
decrease in photorespiration, associated with increased [CO2] at the site of carboxylation. 
Notably, however, the transformation with ictB was of two model species of relatively low 
productivity. Thus, it might be argued that any slight improvement in access to CO2 would 
improve productivity, but only marginally in major crops that have been highly selected for 
productivity. Although increased expression of the ictB gene apparently improved photosynthetic 
characteristics in C3 plants, the ictB mechanism of action is unclear and it seems unlikely that it 
is a transporter. However, genetic knock-outs show it is essential to bicarbonate uptake in 
Synechocystis (Price et al. 2008). 
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IctB 
IctB was first identified from a knockout mutant of Synechococcus that could only grow 
normally in a high [CO2] environment (5% v/v), indicative of a loss of CO2-concentrating 
function. The encoded protein contains 10 putative transmembrane regions, is inner-membrane 
located, and was putatively classified at a HCO3
-
-transporter (Bonfil et al. 1998). In wild type 
cells, there is a correlation between the presence of Na
+
-dependent HCO3
-
 uptake and the 
accumulation of the ictB protein (Amoroso et al. 2003). However, a quadruple bicarbonate 
transporter knockout mutant of Synechocystis PCC 6803 was produced that showed no transport 
activities, even with a homolog (Slr1515) of ictB present (Shibata et al. 2002). While the 
expression of the ictB gene increases leaf CO2 uptake in C3 photosynthetic plants, it is still 
unclear whether the mode of action is an active inorganic carbon pump.  
 
FBPase/SBPase 
The expression of the cyanobacterial gene FBP1 in higher plants, which encodes for the 
FBPase/SBPase bifunctional enzyme, provides another potential pathway for improving C3 
photosynthesis. The FBPase/SBPase bifunctional enzyme in cyanobacteria has the same 
enzymatic function as the individual enzymes present in higher plants. These two enzymes 
regulate key steps in the reductive pentose-phosphate (Calvin) cycle, the primary pathway for 
carbon fixation in higher plants (Sharkey 1985). The photosynthetic carbon reduction cycle takes 
place in the stromal compartment of chloroplasts and uses the products of the light reactions, 
ATP and NADPH, to reduce the CO2 assimilated as a carboxylate to sugars and to regenerate 
RuBP. The Rubisco enzyme catalyzes the first step in carbon fixation by binding a molecule of 
CO2 to ribulose-1:5-bisphosphate (RuBP), to form two molecules of 3-phosphoglycerate (PGA). 
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Subsequently, in the reductive phase triose phosphate, glyceraldehyde, and dihydroxyacetone 
phosphate are produced by consuming ATP and NADPH. Ultimately, the triose phosphate is 
either exported for sucrose synthesis, or regenerated into RuBP for continued carbon assimilation 
by Rubisco. This is the case in soybean, but can vary by species. The photosynthetic carbon 
reduction cycle must maintain a balance between carbon export and the regeneration of RuBP; if 
there is insufficient RuBP to continue carbon fixation, the cycle will collapse (Geiger and 
Servaites 1994; Woodrow and Berry 1988). This balance is maintained by highly regulating the 
catalytic activities of certain enzymes within the cycle (Fridlyand et al. 1999; Raines et al. 1999) 
– in particular, the activities of the enzymes SBPase and FBPase. These are regulated in part by 
the redox potential via the ferredoxin/thioredoxin system, which modulates the enzyme activities 
in response to light/dark conditions (Buchanan 1991). 
 The chloroplastic enzyme SBPase is unique to the photosynthetic carbon reduction cycle 
and has no cystolic counterpart. It is one of two bisphosphatases in the photosynthetic carbon 
reduction cycle, the other being FBPase. These reactions operate with a highly negative free 
energy change, and are essentially irreversible (Bassham and Krause 1969; Chueca et al. 2002). 
The SBPase enzyme catalyses the dephosphorylation of sedoheptulose-1,7-bisphosphate and is 
located at the branch point between the assimilatory and regenerative stages (Raines et al. 1999). 
Being a branch point enzyme that catalyzes an irreversible reaction, the SBPase enzyme has an 
observed photosynthetic flux control value of 0.3-0.75 and is a major determinant of 
photosynthetic capacity (Harrison et al. 1997; Raines et al. 2000). The chloroplastic enzyme 
FBPase is also a key regulatory enzyme in the photosynthetic carbon reduction cycle and a 
branch point for metabolites leaving the cycle, not the chloroplast, to starch biosynthesis. The 
enzyme functions by dephosphorylating the first carbon of fructose-1,6-bisphosphate. FBPase is 
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involved in RuBP regeneration, but was found to have a photosynthetic flux control value of 
<0.2 and therefore has far less impact on RuBP regeneration rate when compared to SBPase with 
a flux control coefficient of 0.3 – 0.75 (Kossmann et al. 1994; Raines 2003). While an increase 
in the amount of FBPase has been suggested for optimizing C3 photosynthesis, ultimately the 
higher photosynthetic flux control of the SBPase enzyme yields a greater potential for improving 
photosynthesis (Long et al. 2006; Zhu et al. 2007). 
 Transgenic tobacco plants over-expressing an Arabidopsis SBPase showed a 
significantly greater light-saturated photosynthetic rate and greater daily carbon gain in young 
leaves compared to the wild type plants from which they were derived. As a result, growth was 
accelerated, and leaf area and biomass were increased up to 30% (Lefebvre et al. 2005). 
Transgenic tobacco plants over-expressing a chloroplast-targeted FBPase/SBPase bifunctional 
cyanobacterial enzyme also showed a 24% increase in final dry matter and a 50% increase in 
photosynthetic CO2 fixation (Miyagawa et al. 2001).  
  
Improving Productivity 
So far these transformations have been limited to model species, growing in most cases 
under controlled environment conditions. This raises the question of whether these 
transformations could result in increased yield in highly selected productive food crops. Sink 
limitation and a lack of correlation between leaf photosynthesis and yield improvement has often 
been cited in the past as reasons why increased photosynthetic capacity will not increase yield 
(Long et al. 2006). However, there is now convincing evidence to show that when grown under 
elevated CO2, where the primary effect is to increase net leaf CO2 uptake, increased soybean 
yield is almost always observed (Ainsworth et al. 2002; Morgan et al. 2005). 
8 
 
Similar to elevating CO2, if ictB increases the concentration of CO2 at the site of Rubisco 
there would be a decrease in photorespiratory metabolism, due to Rubisco catalyzing fewer 
RuBP oxygenation reactions, as well as an increase in total carbon assimilation. This would 
result in an increase in Rubisco and RuBP-limited photosynthesis, as well as improved light-
limited photosynthesis, as ATP and NADPH from the light reactions is diverted from 
photorespiratory metabolism to carbon assimilation. If ictB acts as an inorganic carbon pump   
the expected response of leaf CO2 uptake to increasing intercellular [CO2] would be a sharp rise 
in leaf CO2 uptake at low intercellular [CO2] (Figure 1.1; A). However, if it simply improves 
passive diffusion of inorganic carbon to the site of Rubisco, it would display a more gradual 
increase in leaf CO2 uptake. (Figure 1.1; B) The FBP1 transformants would only be expected to 
show increases in light-saturated and RuBP-limited photosynthesis, when increased SBPase 
activity would be beneficial to leaf CO2 uptake (Figure 1.1; C; D).    
A further question is that since [CO2] is rising at an unprecented rate, will engineering of 
ictB and FBP1 into soybean have value for long into the future? If ictB increases [CO2] at 
Rubisco, it could be expected that the benefit of this transformation would decline with time. 
However, SBPase is anticipated to exert increasing control with rising atmospheric [CO2] and 
therefore transformation with FBP1 could be expected to have increased benefit with time. The 
SoyFACE facility on the South Farms of the University of Illinois in which soybean is grown in 
the open air under controlled elevation of [CO2] (Morgan et al. 2005), coupled with the recent 
transformation of soybean cv. Thorne with these two cyanobacterial genes, provided a unique 
opportunity to examine these issues. An unanticipated effect of growth at elevated [CO2] in the 
SoyFACE experiment was that development and maturation required a greater number of days. 
Plants grown in elevated [CO2] developed more flowering nodes which extended the seed filling 
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period (Morgan et al. 2005; Castro et al. 2009). If this change results from increased 
photosynthate, then similar effects would be expected due to the transformations. Therefore the 
following experiments also tracked development of the crop.   
 
Research Objectives 
This thesis aims to provide insight into how the expression of the cyanobacterial genes 
ictB and FBP1 affected plant photosynthesis, productivity, and development in G. max. The 
transgenic plants were initially examined in a greenhouse environment and then in a two year 
field trial to determine the potential of improving an already highly productive C3 crop species.  
Chapter two examines the prediction that G. max expressing the ictB gene will have 
increased rates of Rubisco-limited photosynthesis and RuBP regeneration-limited 
photosynthesis, while the G. max expressing FBP1 will only show improvements in RuBP 
regeneration-limited photosynthesis, both in a controlled greenhouse environment where 
statistical sensitivity will be expected to be greater than in the field environment. The transgenic 
plants were grown in a fully light and temperature controlled, isolated greenhouse. Leaf CO2 
uptake vs. internal [CO2] (A/ci) responses of greenhouse-grown wild type and transgenic G. max 
lines were measured, and the mesophyll conductance, maximum rates of carboxylation, and 
whole chain electron transport were calculated from the A/ci curves. Plant height was monitored 
throughout vegetative growth, development was recorded throughout and on completion of seed-
fill and dry-down, the plants were harvested and yield determined. Finally, the sub-samples of 
the dried biomass from the ictB transgenic and wild type plants were combusted in an elemental 
analyzer coupled to an isotope ratio mass spectrometer to determine differences in 
13
C 
discrimination.  
10 
 
Chapter three examines the prediction that increases in photosynthesis and yield will be 
seen in the ictB transgenic line, relative to wild type line, over two years in the field, and 
examines whether any yield increase is diminished in elevated [CO2]. The ictB and wild type 
lines were exposed to elevated or ambient [CO2] under field conditions at the SoyFACE facility 
for two consecutive growing seasons. The photosynthetic capacity was determined by assessing 
diurnal variation in leaf CO2 uptake (A) in 2010 and by assessing A vs. light (A/Q) and (A/ci) 
response curves in the second year. Additionally, the above-ground biomass was harvested in 
order to determine dry mass and yield values. This study also examined whether developmental 
timing was altered by the genetic transformations. Developmental stages were recorded at 
approximately 2-day intervals from emergence to full senescence.  
Chapter four examines the prediction that the G. max expressing FBP1 will exhibit 
increases in photosynthesis and yield, compared to the wild type, and whether any increase will 
be further enhanced in elevated [CO2] in open air field conditions. The FBP1 and wild type lines 
were exposed to elevated or ambient [CO2] under field conditions at the SoyFACE facility for 
two consecutive growing seasons. Plant photosynthetic capacity was determined by assessing 
photosynthesis vs. light (A/Q) and (A/ci) response curves in the second year. Additionally, the 
above-ground biomass was harvested in order to determine dry mass and yield values. This study 
also examined how changes to photosynthesis can affect developmental timing. The 
developmental stages were recorded at approximately 2-day intervals from emergence to harvest. 
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Figures 
 
 
Figure 1.1. Predicted responses of CO2 uptake to increasing intercellular [CO2] and light, for the ictB and FBP1 
transformant lines. A: The expected response if ictB acts as an inorganic carbon pump, showing increased rates of 
CO2 uptake compared to wild type, particularly at low intercellular [CO2].  B: The expected response if ictB acts to 
improve passive diffusion of inorganic carbon to the site of Rubisco, showing increased CO2 uptake compared to 
wild type. C: The expected response if FBP1 increases SBPase activity, showing increased RuBP-limited 
photosynthesis. D: The expected responses of the ictB and FBP1 transformants to increasing light. IctB is predicted 
to show increased leaf CO2 uptake compared to wild type. The FBP1 is expected to show increased light saturated 
CO2 uptake.   
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CHAPTER 2: ASSESSING THE POTENTIAL OF TWO CYANOBACTERIAL GENES, ICTB 
AND FBP1, IN GREENHOUSE GROWN GLYCINE MAX 
 
Abstract 
The ictB gene is essential for HCO3
−
 accumulation within the cyanobacterium 
Synechococcus. Previous studies on Arabidopsis thaliana (L.) transformed with the ictB gene 
from the Synechococcus strain PCC 7942 showed increased photosynthesis and production. The 
FBP1 gene from the cyanobacterium Synechococcus encodes the FBPase/SBPase bifunctional 
enzyme necessary for RuBP-regeneration. Previous studies of Nicotiana tabacum L. (tobacco) 
transformed with this gene showed improved photosynthesis and biomass production. This 
current study was undertaken to determine if these photosynthetic and yield advantages could be 
translated into similar advantages in the major C3 food and feed crop species, Glycine Max (L.) 
Merr (soybean). Soybean is the second most important crop in the U.S. in terms of area, and 
fourth most important in the world in terms of total grain production. Both transformants and 
wild type were grown in a completely randomized design within a temperature and light 
controlled greenhouse from emergence through to maturity. Leaf photosynthetic CO2 uptake 
rates and their response to intercellular [CO2] were determined and analyzed. The ictB plants 
showed statistically significant increases of 10% in the in vivo rate of RuBP- (ribulose-1:5-
bisphosphate) limited photosynthesis, 9% in RuBP-saturated photosynthesis, and 24% in 
mesophyll conductance to CO2, while there was a small but significant decrease in intercellular 
[CO2]. Plant height was significantly increased throughout vegetative growth. Final plant mass 
was increased 13% and seed yield 15%. These changes are all consistent with the hypothesis 
that ictB facilitates intra-cellular diffusion of HCO3
-
/CO2 to RuBP carboxylase/oxygenase 
(Rubisco), increasing carboxylation, decreasing oxygenation and photorespiration and increasing 
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productivity. The plants expressing the FBP1 gene were not significantly different from the wild 
type. This study provides the first evidence that transformation with ictB significantly increases 
the yield in a C3 food crop.  
 
Introduction  
Validated theory predicts that photosynthesis, and therefore yield, of C3 crops can be 
increased by concentrating CO2 at the site of fixation. C4 crops achieve this with their unique 
biochemical pathways and anatomy. A significant amount of effort has gone into engineering C4 
photosynthesis into the C3 crop rice with little success to date (Hibberd et al. 2008; Zhu et al. 
2010). Producing a functional C4 photosynthetic plant would require a seemingly large number 
of genetic insertions, as well as radical anatomical alterations. A simpler alternative may be to 
use carbon concentrating genes from cyanobacteria, bypassing any need for modifying leaf 
anatomy. This is particularly the case with the ictB gene, which may allow the C3 plant a form of 
carbon concentration without the need for the complex anatomical and biochemical pathways 
that must exist for C4 photosynthesis to occur. 
Two cyanobacterial genes with the potential to improve C3 photosynthesis are FBP1, 
which encodes the bifunctional enzyme FBPase/SBPase, and ictB, which encodes an inorganic 
carbon transporter. IctB, a putative cyanobacterial dissolved inorganic carbon (DIC) transporter, 
was first identified from a knockout mutant of cyanobacterium Synechococcus strain PCC 7942 
that could only grow normally in a high [CO2] environment (5% v/v), indicative of a loss of 
CO2-concentrating function. The encoded protein contains 10 putative transmembrane regions 
and is inner-membrane located, and was putatively classified as a HCO3
-
 transporter (Bonfil et al. 
1998). Arabidopsis thaliana and Nicotiana tabacum L. (tobacco) plants transformed to over-
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express ictB had increased productivity, increased leaf photosynthesis, a lower photosynthetic 
[CO2] compensation point, a lower intercellular [CO2], and increased water use efficiency 
(Lieman-Hurwitz et al. 2003).  
The FBPase/SBPase bifunctional enzyme in cyanobacteria has the same enzymatic 
function as the two individual enzymes present in higher plants. These two enzymes regulate key 
steps in the reductive pentose-phosphate cycle, the primary pathway for carbon fixation in higher 
plants (Sharkey 1985). The SBPase enzyme catalyses the dephosphorylation of sedoheptulose-
1,7-bisphosphate and is located at the branch point between the assimilatory and regenerative 
stages (Raines et al. 1999). As a branch point enzyme that catalyses an irreversible reaction, the 
SBPase enzyme has an observed photosynthetic flux control value of 0.3-0.75 and is a major 
determinant of photosynthetic capacity (Harrison et al. 1997; Raines et al. 2000). FBPase is also 
involved in ribulose-1,5-bisphosphate (RuBP) regeneration, but was found to have a 
photosynthetic flux control value of less than 0.2. Therefore, it has far less impact on RuBP 
regeneration when compared to SBPase (Kossmann et al. 1994). While an increase in the amount 
of FBPase has been suggested for optimizing C3 photosynthesis, ultimately the higher 
photosynthetic flux control of the SBPase enzyme possesses a greater potential for improving 
photosynthesis (Long et al. 2006; Zhu et al. 2007). 
Improving the efficiency of C3 photosynthesis has the potential to increase crop 
productivity and start to address the growing global need for food production. This chapter will 
discuss how the expression of the ictB and FBP1 gene affected the photosynthesis and 
productivity of the highly productive C3 crop Glycine max.  
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Materials and Methods 
Transformation, Selection and Propagation of Plant Material 
Seeds obtained from Glycine max cv. Thorne were transformed using the Agrobacterium-
mediated method outlined by Clemente (1997) and Hinchee et al. (1988). The ictB cassette 
contains the ictB gene from Synechococcus strain PCC 7942 under the control of the 35S CaMV 
promoter, and is coupled to the pea SSU transit peptide for transport across the plastid membrane 
(Figure 2.1). The FBP1 cassette contains the FBP1 gene from Synechococcus strain PCC 7942 
under the control of the peanut chlorotic streak virus promoter, coupled with the tobacco etch 
translational enhancer element (Figure 2.2). The presence of the insertions was verified by RT-
PCR and Southern blot analysis (Tom Clemente, personal communication). Homozygous T3 
generation plants were used for all experiments. The control throughout was the parent, or wild 
type, from which the transformants were derived, hereinafter referred to as the wild type. 
Nineteen ictB and nineteen FBP1 transformants were tested in an initial greenhouse 
experiment for a significant increase in Rubisco-limited photosynthetic rate. Glycine max (L.) 
Merr. cv. Thorne plants were grown from seed in a light and temperature controlled, isolated 
greenhouse compartment at the University of Illinois. The experiment began in October of 2009, 
and supplemental light (600 µmol photons m
-2
s
-1
) was provided to ensure a 14 hour day and 10 
hour night cycle. Temperature was controlled to 25/20 ºC day/night. A single seed was planted 
into each of the 25 cm diameter pots containing soilless potting media (Sunshine Mix LC1; Sun 
Gro Horticulture, Bellevue, WA). Plants were well watered throughout their growth cycle, and 
their position in the greenhouse was randomly rotated biweekly.  
The ictB transformants were tested in an initial greenhouse experiment for a significant 
increase in Rubisco-limited photosynthetic rate. Event 474-6 was selected for further study, since 
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it showed the largest increase relative to the untransformed plants (data not shown). None of the 
initial tests on the FBP1 transformants showed increases in RuBP regeneration-limited 
photosynthesis. Two cultivars of G. max, Thorne and NE3001, expressed the FBP1 gene. Event 
480-8 was selected because it shared a common genetic background (cultivar Thorne) with the 
ictB transformant (data not shown). All seed of the transformant and seeds from the same plant 
that provided the material for transformation (control) were propagated under the same 
greenhouse conditions, as described previously, to provide the seeds for this experiment. 
 
Photosynthesis and mesophyll conductance 
Measurements of photosynthetic assimilation rate (A) vs internal [CO2] (ci) were 
conducted on three consecutive days after the trifoliate at the 6
th
 node was fully developed 
(developmental stage V6), which was, on average, 37 days after planting. Measurements were 
taken using four identical portable gas exchange systems incorporating infra-red CO2 and water 
vapor analyzers (LI 6400; LI-COR Environmental, Lincoln, NE). The center leaflet of the 
uppermost fully-expanded trifoliate, typically at the 5th node, was enclosed in the leaf cuvette, 
which has an incorporated LED light source and modulated chlorophyll fluorometer (LI-6400-
40, LI-COR Environmental). The procedure for measuring A/ci was followed from Bernacchi et 
al. (2005) except the maximum photon flux used was 1500 µmol m
-2
s
-1
 instead of 1200 µmol m
-
2
s
-1
. The leaf temperature was maintained at 25-27ºC and photon flux at 1500 µmol m
-2
s
-1
 using 
the cuvette integrated red-blue light source. Following the procedure described by Long and 
Bernacchi (2003), each leaf was allowed to reach steady-state CO2 and water vapor exchange at 
the set ambient [CO2] of 400 µmol mol
-1
. Measurements of A were made starting at 400 µmol 
mol
-1
 [CO2] surrounding the leaf, and [CO2] was decreased stepwise from 300, 200, 100 and 
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finally to 50 µmol mol
-1
 [CO2]. The [CO2] was then returned to 400 µmol mol
-1
 [CO2] for two 
consecutive measurements before being increased stepwise from 600, 800, 1000 and finally to 
1500 µmol mol
-1
 [CO2]. In total, eleven measurements were taken per plant at varying [CO2]. 
Values for A and ci were calculated using the equations from Farquhar and von Caemmerer 
(1982). 
Fitting of the A/ci curves and determination of the maximum rate of Rubisco 
carboxylation (Vc,max), maximum rate of electron transport (Jmax), mitochondrial respiration (Rd) 
and CO2 compensation point (Γ*) followed the procedure from Dubois et al. (2007). This 
method uses a statistical estimation method following the model of Farquhar et al. (1980), with 
temperature adjustments from Bernacchi et al. (2001), and parameter estimates from Bernacchi 
et al. (2003). A/ci curves were rejected if they contained data points outside of physiologically 
possible values, or failed to produce a transition between Rubisco-carboxylation limited and 
RuBP-regeneration limited assimilation rate. Following this criteria, only 16 A/ci curves per 
treatment were selected for statistical analysis. Stomatal limitation was calculated from the A/ci 
response curves following the equation (Farquhar and Sharkey1982) 
l = (Aca - Aci)  
Aca         Eq. 2.1 
where Aca is the value of A as determined from the A/ci response if ci were equal to the actual ca 
of 400 µmol mol
-1
. Aci is the A achieved with the actual gs when ca is 400 µmol mol
-1
. The 
mesophyll conductance (gm) was estimated using the method presented by Bernacchi et al. 
(2005).This method uses A, J measured from gas exchange and chlorophyll fluorescence at 
ambient [CO2], Γ*, and Rd from the fitted A/ci curves to determine gm by using the equation 
gm 
 
    
             
          
   Eq. 2.2  
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The chlorophyll ﬂuorescence terminology follows the convention of Baker & Oxborough 
(2004). Photochemical efficiency of photosystem II (ΦPSII) for a light adapted leaf was 
determined by measuring the steady state-fluorescence (Fs) and the maximum fluorescence 
during a light saturating pulse of  >7 mmol m
-2
 s
-1
 (Fm’ ; Equation 2.3; Genty and Briantais 
1989). 
Quantum yield of CO2 assimilation (ΦCO2) was determined by equation 2.4, where A is 
CO2 assimilation rate (μmol m
-2
 s
-1
), Adark is dark CO2 assimilation rate (μmol m
-2
 s
-1
), I is 
incident photon flux density (μmol m-2 s-1), and αleaf is leaf absorptance. Photochemcial 
quenching (qP) was determined by using the equation 2.5: where Fo is the minimum 
fluorescence.  
'
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Productivity 
Wild type, ictB and FBP1 transgenic lines (n=19 for each treatment) were grown in pots 
that were arranged in a completely randomized design. Plant height was measured on 11 days 
throughout the vegetative growing season. Plants were allowed to dry down prior to harvest of 
aboveground biomass to simulate field conditions at time of harvest. Due to leaf fall during 
senescence, leaf weight was not included in the biomass calculations. The total number of pods 
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per plant and seeds per pod were counted. All material was dried to constant weight at 60°C and 
then weighed. 
 
C composition and δ13C 
Changes to δ13C discrimination in plant tissue can be used to detect changes to the 
internal conductance caused by the expression of the ictB gene. Eight to ten stems from each 
plant were selected at random and the mid 1 cm of the stem was removed and reduced to 100 µm 
particles using a bead grinder (Geno/Grinder; SPEC SamplePrep, Metuchen, NJ). 2-3mg sub-
samples were combusted using an elemental analyzer (ECS 4010; Costech Analytical) coupled to 
a Conflo IV interface (Thermo, Bremen, Germany) and a Delta-V advantage isotope ratio mass 
spectrometer (Thermo) to determine C, N and H composition and δ13C. The average measured 
deviation of an in-house isotopic reference material was <0.05‰ of its known value (n = 5). 
 
Statistical analysis 
All measured parameters were analyzed using a complete mixed model analysis of 
variance (PROC MIXED, SAS System 9.2; SAS Institute, Cary, N.C.) with G. max line as fixed 
effect. The data was normally distributed with equal variances around the means. Significant 
probability values were set, a priori, at P<0.05. 
 
Results 
Photosynthesis 
 The ictB line showed a 10% increase (P<0.05) in its rate of photosynthetic carbon 
assimilation at ambient [CO2] (Figure 2.3; Table 2.1) as compared to the wild type. The ictB 
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plants also showed an increase in the rate of RuBP-limited photosynthesis and RuBP-saturated 
photosynthesis of 10% (P<0.05) and 9% (P<0.01), respectively (Figure 2.3; Table 2.1). The 
quantum efficiency of photosystem II (ΦPSII), the quantum yield (ΦCO2), and the photochemical 
quenching (qP) were determined to be higher in the ictB line by 11% , 10% and 8%, 
respectively (P<0.05; Table 2.1). 
 Values for stomatal conductance and stomatal limitation were not significantly different 
between wild type and the ictB line. The ictB plants, however, had a 24% (P<0.05) higher 
mesophyll conductance and an 11 ppm lower intercellular [CO2] (P<0.05) at ambient [CO2] 
(Table 2.1). The FBP1 line showed no significant differences in photosynthesis when compared 
to the wild type (data not shown). 
 
Productivity 
The growth rate of the ictB plants was significantly faster than the wild type, as 
determined by increases in plant height (P<0.01) on 10 of the 11 height measurement days 
throughout vegetative growth (Figure 2.5). The ictB line had an average increase in seed yield of 
15% (P<0.05; Figure 2.5, Table 2.2). Neither the total number of seeds per plant nor the number 
of seeds per pod were different between wild type and ictB lines. The increase in seed yield was 
mainly due to an increase in the individual seed mass of 13% (P<0.005; Table 2.2). Stem dry 
mass was also significantly increased in the ictB line by 13% (P<0.05; Figure 2.5; Table 2.2), but 
this was not accompanied by any change in the seedless pod dry mass or the total number of 
pods per plant (Table 2.2). The FBP1 line showed no significant productivity differences with 
the wild type (data not shown). 
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C composition and δ13C  
The ictB line showed no significant difference in its percent carbon (P=0.4855), or δ13C 
discrimination (P=0.1224) when compared to the wild type (Table 2.1).  
 
Discussion 
This study examined whether G. max expressing the ictB and FBP1 gene would have 
higher productivity and ultimately seed yield, due to an increased rate of photosynthetic CO2 
uptake. The ictB plants showed statistically significant increases of 10% in the in vivo rate of 
RuBP-limited photosynthesis, 9% in RuBP-saturated photosynthesis, 24% in mesophyll 
conductance to CO2, and a small but significant decrease in intercellular [CO2]. Plant height was 
significantly increased throughout vegetative growth, final plant mass increased by 13% and 
seed yield increased by 15%. The plants expressing the FBP1 gene were not significantly 
different from the wild type. 
 
Photosynthesis 
 The ictB line showed significantly higher photosynthetic rates of leaf CO2 uptake (A), but 
not the FBP1 line compared to the wild type. Consistent with the hypothesis that the ictB gene is 
involved in increasing the rate of inorganic carbon transfer, the ictB line showed a significant 
increase of 24% in its mesophyll conductance, as well as a significant decrease of ci by 11 ppm. 
It has been shown that mesophyll resistance (the inverse of gm) imposes a limitation of 0.1-0.2 on 
photosynthesis; therefore, if gm were infinite, photosynthetic CO2 uptake would be increased by 
10-20% (Bernacchi et al. 2002). The ci/ca ratio is typically 0.7 in C3 photosynthetic plants at 
atmospheric [CO2] (Drake et al. 1997; Ainsworth & Long, 2005). The ci/ca ratio of 0.695 in the 
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parent was almost exactly this reported literature value, while the ictB line had a significantly 
lower ratio of 0.668 (Table 2.1). The observed decrease in the ci/ca ratio and the increase in 
mesophyll conductance in the ictB line are consistent with the hypothesis that ictB facilitates 
intra-cellular diffusion of HCO3
-
/CO2, since if A increases, a decline in ci would be consistent 
with an increase in gm. However, increases in gm alone could not account for the improvements in 
A, as demonstrated by higher CO2 uptake for the ictB line, even at equivalent chloroplast 
concentrations of CO2 (Cc ; Figure 2.4). An additional advantage of the increase in gm, without an 
increase in gs, is the improvement in the rate of CO2 uptake without a negative affect on plant 
WUE. It is important to note that while the variable J method provides reliable estimates of gm, it 
is more sensitive to errors than the isotopic method, which may affect the estimates of Cc (Harley 
et al. 1992; Loreto et al. 1992).   
Tobacco and Arabidopsis thaliana expressing ictB were reported to have higher rates of 
photosynthetic CO2 uptake at low [CO2], and a higher Vc,max when grown in a low humidity 
environment, but there was no observed increase in RuBP-limited photosynthetic CO2 uptake 
(Lieman-Hurwitz et al. 2003). However, in this study the ictB line was observed to have a 
significant increase in RuBP-limited CO2 uptake, consistent with the fact that increases in 
mesophyll conductance should result in improved rates of both Rubisco-limited and RuBP-
limited leaf photosynthesis (Long et al. 2004; Zhu et al. 2010). The increase in RuBP-limited leaf 
photosynthetic CO2 uptake is consistent with a reduction in photorespiration due to improved 
CO2 availability at the site of Rubisco; RuBP limited photosynthesis increases in elevated CO2 
environments due to decreased Rubisco oxygenation reactions, thus diverting ATP and NADPH 
to photosynthetic assimilation instead (Long et al. 2004). Consistent with these changes, the 
quantum efficiency of photosystem II (ΦPSII) and the quantum yield of CO2 uptake (ΦCO2) 
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displayed increases of 11% and 10%, respectively (Table 2.1). Increased quantum yield 
efficiencies may also be explained by reduced photorespiration due to ictB since more of the 
limiting supply of ATP and NADPH under light-limiting conditions will be available to 
photosynthetic carbon assimilation, versus photorespiratory metabolism. Since both light-
saturated and light-limited photosynthesis are increased in the ictB line, it would be expected that 
productivity would be increased under all lighting conditions. 
 
Productivity 
Seed yield and mass per seed in the ictB line were increased by 15% and 13%, 
respectively, compared to wild type (Table 2.2; Figure 2.5). The increases in seed yield and mass 
per seed are similar to the average observed increase in yield of 13% for C3 crops grown in 
elevated (550 ppm) [CO2] (Long et al. 2006). The ictB line also had a 13% increase in stem 
mass, and had significant increases in height on 10 of the 11 measurement days spread across the 
period of vegetative growth, due mostly to stimulation early in development (Figure 2.6). The 
increases in both stem and seed mass are consistent with higher rates of CO2 uptake, and 
previously observed increased growth rate as well as mass accumulation in Arabidopsis thaliana 
and Tobacco expressing ictB in a low humidity environment (Lieman-Hurwitz et al. 2003). The 
increased dry mass of the ictB line also provides further evidence that targeting photosynthesis 
for improvement does translate into increased yield in soybean. 
There is a possibility that the ictB transformation, rather than the action of the gene, is 
responsible for the increase in photosynthesis and productivity observed. For example, the 
insertion could have knocked out a gene that suppresses photosynthesis, or epigenetic effects 
might have been introduced. However, other insertion events with the same gene in the same 
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background were found to increase photosynthesis, although the event used here had the largest 
effect (Tom Clemente, personal communication). These were T3 plants compared to wild type 
seed from the population that was originally transformed, which should have minimized any 
other generic or epigenetic differences.  
 
C composition and δ13C  
The mechanism of the ictB enzyme is not fully understood (Shibata et al. 2002; Price et 
al. 2008). While this study is unable to determine the molecular mechanism of the ictB gene, 
significant decreases in internal [CO2], along with large increases in mesophyll conductance, 
seem to suggest some form of carbon concentration. If ictB acts as an inorganic carbon pump, the 
ictB line would be expected to display some decrease in δ13C, similar to a C4 photosynthetic 
profile (Farquhar 1983). However, a significant change was not observed here. Even the 
expected difference of 0.6102 δ13C, as determined from the difference of ci/ca, could not be 
resolved statistically. The lack of a significant difference in δ13C strongly suggests that ictB does 
not function as an inorganic carbon pump. Without a difference in δ13C, the increases in Rubisco 
and RuBP-limited photosynthesis, along with an increase in mesophyll conductance, suggest an 
increase in passive diffusion of inorganic carbon to Rubisco.  
 
FBP1  
 The lack of any significant difference in yield between the FBP1 and wild type line may 
be the result of low light levels in the greenhouse as compared to field conditions, since there 
would only be a benefit under light-saturated conditions when SBPase would be exerting 
metabolic control. The plants in this experiment were grown in greenhouse conditions during the 
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winter; a study on tobacco over-expressing Arabidopsis thaliana SBPase also saw no significant 
differences when the plant was grown in the winter, due to shorter day length and lower light 
levels (Lefebvre et al. 2005).Transgenic tobacco plants over-expressing SBPase were reported to 
have the largest differences in photosynthesis early in development (Lefebvre et al. 2005), and 
after flowering differences became undetectable (Rosenthal et al. 2011). Plants in this study were 
measured in the V6 stage, near the beginning of the reproductive phase. At this point in 
development any difference in photosynthetic assimilation may have been absent, based on these 
previous studies. 
 
Conclusion 
 The results of this study demonstrate for the first time in a major food crop that 
transformation with the cyanobacterial ictB gene increases photosynthesis and productivity in the 
C3 crop Glycine max. Parallel work in which photosynthesis has been increased by elevating 
[CO2] in greenhouses and other controlled environments has similarly resulted in large 
productivity increase in soybean (Ainsworth et al. 2002). However, when this has been repeated 
in the field, much smaller increases are observed (Ainsworth et al. 2008). This gives rise to the 
question of whether the large advantage resulting from transformation with ictB observed here 
will be realized in an open-air crop setting. This question is addressed in the following cChapter.  
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Figures and Tables 
 
 
 
 
Figure 2.1. IctB gene construct used in the agrobacterium-mediated transformation of Glycine max cv. Thorne. The 
ictB gene of interest is under the control of the 35S CaMV promoter, and is coupled to the pea SSU transit peptide 
for transport across the plastid membrane.  
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Figure 2.2. FBP1 gene construct used in the agrobacterium-mediated transformation of Glycine max cv. Thorne. The 
FBP1 gene of interest is under the control of the peanut chlorotic streak virus promoter, coupled with the tobacco 
etch translational enhancer element. 
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Figure 2.3. Comparison of wild type and ictB photosynthetic assimilation rate (A) versus plant internal CO2 
concentration (ci). Photosynthetic photon flux density (Q) = 1500 µmol m
-2
 s
-1
. The fitted lines represent the 
calculated average assimilation rate as determined by the most limiting photosynthetic process: Rubisco-
carboxylation limited, RuBP-regeneration limited, or triose phosphate utilization (TPU) limited assimilation rate. 
The maximum rate of Rubisco carboxylation (Vc,max) and the maximum rate of electron transport (Jmax) presented are 
calculated from the asymptotes of RuBP unsaturated assimilation and RuBP saturated assimilation respectively. 
(n=16)  
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Figure 2.4. Comparison of wild type and ictB photosynthetic assimilation rate (A) versus plant chloroplast CO2 
concentration (cc). Photosynthetic photon flux density (Q) = 1500 µmol m
-2
 s
-1
 .The fitted lines represent the 
calculated average assimilation rate as determined by the most limiting photosynthetic process: Rubisco-
carboxylation limited, RuBP-regeneration limited, or triose phosphate utilization (TPU) limited assimilation rate. 
The maximum rate of Rubisco carboxylation (Vc,max) and the maximum rate of electron transport (Jmax) presented are 
calculated from the asymptotes of RuBP unsaturated assimilation and RuBP saturated assimilation respectively. 
(n=16)  
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Figure 2.5. Comparison of wild type and ictB pod hull mass, stem mass, and seed mass. Bars represent arithmetic 
means ± SE n=18 and * indicates significant difference (P<0.05) from a mixed model ANOVA where line was the 
main effect. 
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Figure 2.6. Plant height, measured on 11 days throughout the vegetative growing season. Bars represent arithmetic 
means ± SE n=18. * indicate a significant difference between lines of P<0.01 from a mixed model ANOVA where 
line was the main effect. 
 
 
 
 
 
32 
 
 Wild type ictB          P-Value 
Vc,max (µmol m
-2
 s
-1
) 115 ±4  126 ±3 0.035 
Jmax (µmol m
-2
 s
-1
) 151 ±5  167 ±4 0.010 
A at Ambient [CO2] (µmol m
-2
 s
-1
)   20.43 ±0.8    22.59 ±0.6 0.037 
Ambient Ci (µmol mol
-1
) 278 ±3  267 ±3 0.026 
Ci/Ca Ratio     0.695 ±0.008  0.668 ±0.007 0.026 
ΦPSII     0.2285 ±.0078  0.2538 ±0.0066 0.019 
ΦCO2      0.01634 ±0.00062  0.01796 ±0.00053 0.038 
qP      0.499 ±0.011  0.538 ±0.011 0.015 
gs (mol m
-2
 s
-1
)     0.336 ±0.02  0.346 ±0.019 0.723 
gm (mol m
-2
 s
-1
)     0.244 ±0.017  0.304±0.018 0.025 
Stomatal Limitation   22.72% ± 1.6    23.5% ±1.2 0.696 
Percent Carbon   45.580 ±0.145    45.438 ±0.141 0.485 
δ13C  -27.5565 ±0.1321   -27.2683 ±0.1246 0.122 
    
 
Table 2.1. Plant photosynthetic characteristics for the wild type and ictB G. max plants, Photosynthetic photon flux 
density (Q) = 1500 µmol m
-2
 s
-1
and ambient [CO2] = 400 µmol mol
-1
.  Bolded titles and P-values indicate significant 
difference (P<0.05; n=16) from a mixed model ANOVA with line as the main effect. 
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    Wild type        ictB P-Value 
Seed mass (grams) 18.51 ±0.67 21.35 ±1.11 0.0338 
Individual Seed mass (mg) 109.35 ±2.05 120.63 ±2.11 0.0050 
Number of Seeds (plant
-1
) 169.72 ±7.19      176.71 ±7.39 0.5029 
Number of Pods (plant
-1
)   74.7 ±2.5   76.1 ±2.6 0.7193 
Seeds per Pod     2.264 ±0.031     2.312 ±0.032 0.2953 
Pod mass (grams)   15.07 ±0.50   15.90 ±0.52 0.3630 
Stem mass (grams)   37.33 ±1.66   43.29 ±1.59 0.0128 
    
Table 2.2.  Plant productivity comparisons between greenhouse grown wild type and the ictBG.max. Bolded titles 
and P-values indicate significant difference (P<0.05) from a mixed model ANOVA (n=18 P<0.05) with line as the 
main effect. 
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CHAPTER 3: TRANSFORMATION OF SOYBEAN WITH CYANOBACTERIAL 
INORGANIC CARBON TRANSPORTER B (ICTB) RESULTS IN INCREASED 
PHOTOSYNTHESIS AND YIELD OVER TWO YEARS OF FIELD TRIALS 
 
 
Abstract 
Glycine max expressing the ictB gene was previously compared with the wild type in a 
light and temperature controlled, isolated greenhouse compartment. The ictB plants showed 
statistically significant increases in the in vivo rate of RuBP- (ribulose-1,5-bisphosphate) limited 
photosynthesis, RuBP-saturated photosynthesis, mesophyll conductance to CO2, total biomass, 
and seed yield. The present study investigated whether these changes are observed in a field 
agricultural setting and, if so, whether these effects were diminished under conditions of future 
elevated [CO2]. G. max expressing the ictB gene was grown in 2010 and 2011 in the soybean 
free air gas concentration enrichment (SoyFACE) facility in Champaign, IL. The ictB line 
showed higher leaf carbon uptake (A) in full sunlight of 15% and 25% compared to wild type, for 
ambient and elevated [CO2], respectively. The strongest evidence that ictB is acting to increase 
passive diffusion of inorganic carbon to RuBP carboxylase/oxygnease (Rubisco) is provided by 
the observed significant increase in the maximum quantum yield of CO2 uptake, for which an 
increase in [CO2] at the site of Rubisco without active “pumping” is the most likely explanation.  
Further indirect evidence that ictB was perceived by the plant as increased [CO2] was provided 
by the fact that in ambient [CO2] these plants showed the developmental changes – significantly 
increased number of stem nodes, extended reproductive phase, and delayed senescence – 
characteristic of wild type plants when grown in elevated [CO2]. Under elevated [CO2] the 
increases in photosynthesis and productivity of the ictB line were not diminished, but were 
additive with an increase in seed yield per plant of 27%. 
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Introduction 
Many photosynthetic organisms, from C4 higher plants to cyanobacteria, have evolved 
mechanisms to elevate CO2 at the active site of Ribulose-1,5-bisphosphate carboxylase 
oxygenase (Rubisco) thus competitively inhibiting photorespiration. In cyanobacteria, elevated 
[CO2] at Rubisco is achieved in part by the transfer of dissolved inorganic carbon (DIC) across 
the cell membrane (Price et al. 2011; Price et al. 1998), which is equivalent in a higher plant to 
the chloroplast membrane. One putative cyanobacterial DIC transporter, ictB from the 
cyanobacterium Synechococcus strain PCC 7942, has already been engineered into Arabidopsis 
thaliana and Nicotiana tabacum L. (Lieman-Hurwitz et al. 2003). In parallel with and predating 
the results of Chapter 2, the expression of the ictB gene in these species resulted in increased leaf 
photosynthetic CO2 uptake and biomass productivity. However, increases in photosynthesis and 
productivity observed in the greenhouse and controlled environment do not necessarily translate 
into equivalent increases in the field, as exemplified by the loss of stimulation under elevated 
[CO2] under open-air conditions versus greenhouses and chambers (Long et al. 2006). Will the 
increases in productivity and seed yield achieved in greenhouse experiments occur in fully open 
air field conditions? Further atmospheric [CO2] is rising at an unprecedented rate and is expected 
to reach 600 µmol mol
-1
. Will this increase eliminate any benefit of engineering ictB in soybean? 
The SoyFACE facility on the South Farms of the University of Illinois which elevated [CO2] to 
200 µmol mol
-1 
above ambient [CO2], under fully open-air conditions using Free-Air 
Concentration Enrichment technology (Morgan et al. 2005) provided a unique opportunity to test 
this question further. The greenhouse experiment described in Chapter 2 also showed that the 
ictB line had a higher maximum rate of carboxylation (Vc,max) as described by the initial phase of 
the response to A to ci. Even when corrected for differences in mesophyll conductance (gm) this 
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difference remained (Fig. 2.4), implying that there may have been a pleiotropic effect that 
increased Rubisco content. 
The potential yield (Y) of seed is the product of the efficiencies of intercepting the 
available solar radiation (i), converting the radiation into biomass (c) and then the partitioning 
of the biomass energy into the seed (p) through the growing season (Monteith, 1977). Measured 
values of i and p for modern soybean cultivars in the Midwest are close to their theoretical 
maxima, leaving only c as a means for further genetic improvement of yield potential (Long, 
Zhu et al. 2006; Zhu, Long et al. 2010). The ictB gene provides a potential opportunity to 
increase c in soybean and thereby improve productivity. This chapter addresses the question of 
how plants transformed with the ictB gene will perform in fully open air field conditions, and 
whether any effect will be diminished under future atmospheric [CO2]. Finally, this chapter 
examines whether the ictB line will contain more Rubisco per unit leaf area. 
 
Materials and Methods 
Plant Material 
 Seeds were obtained from Glycine max cv. Thorne and transformed using the 
Agrobacterium-mediated method outlined by Clemente (1997) and Hinchee et al. (1988). The 
ictB cassette contains the ictB gene of interest under the control of the 35S CaMV promoter, and 
is coupled to the pea SSU transit peptide for transport across the plastid membrane. The presence 
of the insertions was verified by RT-PCR and Southern blot analysis (Tom Clemente, personal 
communication). Event 474-6, T4 homozygous for ictB, was selected for further study, since it 
exhibited the largest increases in photosynthetic CO2 uptake, mesophyll conductance, and seed 
yield (Chapter 2). The control throughout was the parent, or wild type, from which the 
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transformants were derived, hereinafter referred to as the wild type. The wild type plants were 
from the same population, and the seed for this experiment was obtained from plants grown 
alongside the T3 plants in the preceding greenhouse experiment (Chapter 2). Growing the two in 
exactly the same environment minimized the risk of confounding differences with any epigenetic 
or other effects of pre-environmental history on the next generation.  
 
Field Locations 
The study was conducted at the soybean free air gas concentration enrichment 
(SoyFACE) facility in Champaign, IL, USA (40º02’N, 88°14’W, 228 m above sea level) during 
the 2010 and 2011 growing season. Weather data for the site was obtained from the Illinois 
Climate Network weather station located at Champaign, IL, and within 3 miles of the 
experiment. The SoyFACE facility, situated on 32 ha of Illinois farmland, consisted of four 
blocks, each containing two 19 m diameter octagonal plots. Within each block, one plot was at 
current ambient [CO2] and one plot was fumigated from sunrise to sunset to an elevated target 
[CO2] of 200 µmol mol
-1 
above ambient [CO2], using the FACE design of Miglietta et al. (2001). 
This has been detailed previously by Morgan et al. (2005). Briefly, each plot is an octagon of 19 
m between parallel sides formed by pipes suspended just above the top of the canopy. Wind 
speed and direction are monitored at the center of each ring and, via a microprocessor, activate 
valves on the upwind side to release CO2 from micropores along the pipes circumscribing the 
octagon. Based on one-minute averages, the [CO2] is maintained to within ±10% of the target 
concentration for >90% of the growing season (Morgan et al. 2005). Experimental plots were 
separated by at least 100 m to avoid cross-contamination of CO2 and O3 (Nagy et al. 1994; 
Morgan et al. 2005). The majority of the soil is a Drummer (fine-silty, mixed, mesic Typic 
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Endoaquoll), which is very deep and formed from loess and silt parent material deposited on the 
till and outwash plains. No fertilizer was added to the soybean crop, following standard regional 
agronomic practice. 
 
Trial Establishment 
The field trials were arranged in a randomized complete-block design (n=4) in the spring 
of 2010 and 2011. Wild type and ictB lines, produced from the same population of this genotype, 
were sown into the 4 replicate blocks containing 2 plots each, one plot at ambient [CO2] and one 
at elevated [CO2]. Each plot, referred to hereafter as a ring plot, contained five planted rows, 3 m 
in length, with a row spacing of 0.38 m. The first and fifth rows in each plot were sown with the 
wild type line to serve as border rows, as required by the USDA-APHIS permit. Each of the 
inner three rows was randomly assigned to be planted with either the wild type, the ictB line or to 
a second transgenic as part of a separate experiment discussed in Chapter 4. After emergence, ten 
plants in 2010 and fifteen plants in 2011 were randomly selected and tagged from each of the 
treatment rows. These tagged plants were used to track development. The developmental stage of 
each was recorded at approximately 2-day intervals from emergence to full maturity, recording 
the developmental stages as described by McWilliams et al. (1999) and Castro et al. (2009).  
In 2011 an additional large plot experiment was established at the SoyFACE facility to 
assess plant productivity over a larger plot area under current atmospheric [CO2]. The large plots 
were planted in a completely randomized complete-block design (n=4) and 100 m distant from 
the nearest FACE ring plot. Each block contained two of these large plots, one assigned to the 
wild type and the other to the ictB lines. Each plot consisted of 4 rows, 4 m in length, with a row 
spacing of 0.45 m. After emergence, 15 plants were randomly selected and tagged, and the 
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developmental stage of the tagged plants was recorded at approximately 2-day intervals from 
emergence to full senescence following the developmental stages as described by McWilliams et 
al. (1999); Castro et al. (2009).  
 
Diurnal measurements of leaf gas exchange 
In 2010, diurnal measurements of photosynthesis were made on the youngest fully 
expanded leaves using four portable open gas exchange systems incorporating infra-red CO2 and 
water vapor analyzers (LI- 6400; LI-COR Inc., Lincoln, NE, USA), with a controlled 
environment leaf enclosure cuvette incorporating an LED illumination and a modulated  
chlorophyll fluorometer (LI-6400-40; LI-COR, Inc.). Measurements were collected in the 2010 
field season from one fully expanded upper canopy leaf of three plants in each ring plot every 
2 h, starting after dawn at 8:00 CST in order to avoid dew that was present prior to this time. 
Measurements were made on 23-July and 6-August of 2010. Gas exchange systems were cycled 
through the blocks at each time point to avoid confounding time with any undetected system 
differences. It took approximately 45 min to 1 h to complete all measurements for each time 
point. Immediately prior to the start of a measurement cycle, the red-blue light-emitting diode 
(LED) light source integrated into the gas exchange cuvette head was set to the incident 
photosynthetically active photon flux (I), as measured with a quantum sensor mounted just above 
the plant canopy (LI-190SB, Li-Cor, Inc.). Humidity in the gas exchange cuvette was that of the 
ambient air, except when it was necessary to avoid condensation inside the gas exchange system 
during measurements in the early morning and at dusk. The light and temperature conditions 
within the chamber were held constant for the duration of the measurement period, regardless of 
short-term fluctuations in light and air temperature. [CO2] in the cuvettes was set to that of the 
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FACE treatment, i.e. either ambient or 600 µmol mol
-1
. Conditions were allowed to stabilize for 
1-2 min after enclosing 2 cm
2
 of an attached leaflet in the gas exchange cuvette. Diurnal 
measurements of photosynthesis were not repeated in 2011 because the high variability between 
individual measurements proved to give inadequate statistical power to resolved differences.  
 
The response of leaf photosynthesis to intercellular [CO2] (A/ci) 
In 2011 the response of leaf CO2 uptake to intercellular [CO2] (A/ci) was determined for 
uppermost fully expanded leaves of three randomly selected plants for both the wild type and 
ictB line in each of the 4 ring plots, to complete all 124 curves required several days between 41-
50 days after planting. Leaves were excised in the field before dawn and cut under water to avoid 
xylem embolism. Measurements were then conducted in a controlled environment. This method 
ensured that leaves were not water stressed, photo-inhibited, or triose-phosphate limited 
(Bernacchi et al. 2005). This allowed measurement of the potential maximum rates of 
carboxylation (Vc,max) and electron transport to support carbon assimilation (Jmax) independent of 
secondary transient effects on these parameters due to diurnal changes in photoinhibition, triose 
phosphate limitation and water stress. The excised leaves were kept in low light (<10 µmol m
–
2
 s
–1
) until 15 min prior to measurements, when they were light-acclimated (approximately 
1,000 µmol m
–2
 s
–1
 white light) outside the gas exchange chamber. Leaf gas-exchange 
measurements were coupled with measurements of chlorophyll fluorescence using an open gas-
exchange system and fluorometer, as described for diurnal measurements in the previous 
subsection (LI-6400 and LI-6400-40; LI-COR). Vc,max and Jmax were determined by fitting the 
response of A to ci following the equations of von Caemmerer et al. (2000), as described by 
Bernacchi et al. (2005).  
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End-of-season leaf CO2 uptake 
Because the ictB transformants appeared green at the end of the growing season when the 
wild type plants were senescing, additional gas exchange measurements were made at this stage 
to determine whether these leaves also remained photosynthetically competent. Leaves were 
excised in the field before dawn and cut under water. Measurements were then conducted in a 
controlled environment. The excised leaves were kept in low light (<10 µmol m
–2
 s
–1
) until 15 
min prior to measurements when they were light-acclimated (approximately 1,000 µmol m
–2
 s
–
1
 white light) outside the gas exchange chamber. Leaf gas-exchange measurements were coupled 
with measurements of chlorophyll fluorescence using an open gas-exchange system and 
fluorometer, as described in the preceding subsections (LI-6400 and LI-6400-40; LI-COR). 
Leaves were acclimated to 2,000 µmol m
–2
 s
–1
 red and blue light, and the [CO2] surrounding the 
leaf was set to the [CO2] of the FACE ambient and treatment, i.e. the levels in which these plants 
had grown; 392 or 600 µmol mol
-1
. Leaf CO2 uptake was measured for the wild type and ictB 
lines on 16 randomly selected uppermost fully expanded soybean leaves; 99 and 105 DAP in 
2010 and 2011, respectively. 
 
Response of photosynthesis to photon flux (A/Q) 
Photosynthetic light response curves (A/Q) were determined immediately following 
measurement of the A/ci curves during the 2011 growing season, following the methods found in 
Bernacchi et al. (2005). This also used the same gas exchange systems (LI-6400 and LI-6400-40; 
LI-COR) as described in the preceding sections. Leaves were acclimated to 2,000 µmol m
–2
 s
–
1
 red and blue light, and the [CO2] surrounding the leaf was set to the [CO2] of the FACE 
ambient and treatment, as described in the previous subsection. Leaves were allowed to achieve 
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steady state before measurements commenced; this was assessed as the point at which A did not 
vary by more than ±3% over 2 minutes. Once steady-state had been obtained at 2,000 µmol m
–
2
 s
–1 
Q, the associated gas exchange and fluorescence parameters were recorded and photon flux 
was then decreased stepwise finishing in complete darkness (Q=2000, 1500, 1000, 500, 200, 
100, 75, 50, 25, 0), repeating the steady-state measurements at each photon flux. All light 
response curves were completed within 6 h of leaf collection. A 3-parameter non-rectangular 
hyperbola describing the response of A to Q was fit to the measurements made for each leaf 
(Long and Hällgren 1993). The three parameters obtained from each fit were: the light saturated 
CO2 uptake rate (Asat), the maximum quantum yield of CO2 assimilation (ΦCO2,max) and the 
convexity of the transition from light-limited to light-saturated photosynthesis (θ).  
The mesophyll conductance (gm) was estimated using the method presented by Bernacchi 
et al. (2005). This method uses A, J measured from gas exchange and chlorophyll fluorescence at 
ambient [CO2], Γ*, and Rd from the fitted A/ci curves to determine gm by using the equation 
gm 
 
    
             
          
    Eq. 3.1  
The chlorophyll ﬂuorescence terminology follows the convention of Baker & Oxborough (2004). 
Photochemical efficiency of photosystem II (ΦPSII) for a light adapted leaf was determined by 
measuring the steady state-fluorescence (Fs) and the maximum fluorescence during a light 
saturating pulse of  >7 mmol m
-2
 s
-1
 (Fm’ ; Equation 3.2; Genty and Briantais 1989). 
Quantum yield of CO2 assimilation (ΦCO2) was determined by equation 3.3, where A is CO2 
assimilation rate (μmol m-2 s-1), Adark  is dark CO2 assimilation rate (μmol m
-2
 s
-1
), I is incident 
photon flux density (μmol m-2 s-1), and αleaf is leaf absorptance. Photochemcial quenching (qP) 
was determined by using the equation 3.4: where Fo is the minimum fluorescence.  
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Growth and Production 
At 75 days after planting, three plants per wild type and ictB line were randomly selected 
and all above ground biomass harvested from the SoyFACE ring plots in 2011. Leaf tissue of 
each plant was separated, and three samples of leaf tissue (3 cm
2
) were then cut with a circular 
punch from three leaves selected at random per plant. All material was dried to constant weight 
at 60 Cº. Specific leaf area (m
2
 gram
-1
) was determined for each plant from the three leaf discs 
that were cut. Total leaf area was estimated as the product of the specific leaf area by total leaf 
mass of each plant. Leaf area index (one-sided leaf area per unit ground area; Beadle 1993), was 
determined by dividing the estimated plant leaf area by the ground area occupied by one plant, 
i.e. the inverse of the number of plants per square meter of plot. 
When seed fill and dry down were complete, the entire area of large plots was harvested. 
The harvested plants were mechanically threshed to obtain the seeds (BT-14, ALMACO, 
Nevada, IW, USA). In 2011, one of the ictB large plots, plot 4, was excluded from the statistical 
analysis due to a 1 m gap in which seed failed to emerge in one of the rows. For the ring plots, 10 
plants of each the wild type and the ictB line were selected at random and harvested in 2010, and 
15 plants of each in 2011. Final height, main stem circumference, pods per plant, seeds per plant, 
and node number were determined. However, due to leaf fall during senescence, leaf mass was 
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not recorded. The plant material was divided into stem, pod and seed and then dried to constant 
mass at 60 °C in an air-circulated oven.  
 
Leaf Protein Extraction for Western Blot Analysis 
In 2011, at 45 days after emergence, protein was extracted from 1.27 cm
2
 (four 0.316 cm
2
 
subsamples) of leaf tissue from the wild type and ictB line for each biological replicate (n=4), 
following the procedure of Spence (2012). Samples were cut with a circular punch from the 
center trifoliate of each leaf using the same leaves for which A/ci and A/Q response curves were 
determined. Leaf punches were immediately frozen into liquid nitrogen and stored at -80 ºC until 
protein extraction. The frozen leaf samples were ground in individual tubes containing two 
stainless steel grinding balls (#GBSS 156-5000-01, OPS Diagnostics, Lebanon, NJ) twice for 30 
s at 300 rotations per minute (2000 Geno/Grinder, SPEX SamplePrep, Metuchen, NJ). To 
safeguard against the samples thawing during extraction, the sample tubes were returned to -80 
°C for 1 minute before being ground for the second 30s. The samples were then placed on dry ice 
and 500 µl of extraction buffer was added to each tube. The extraction buffer consisted of 50 
mM HEPES, pH 8.0, 0.05% v/v Triton-X 100, 1 mM EDTA, pH 8.0, 10 mM MgCl2, 5.96 mM 
dithiothreitol, 1% w/v Casein, 1% w/v polyvinylpyrrolidone, and one protease inhibitor cocktail 
tablet per 10 ml of extraction buffer (complete ULTRA Tablets, Mini, EDTA-free tablets, Roche 
Applied Science, Indianapolis, IN, USA). After the extraction buffer was added, the samples 
were homogenized once more for one minute at 300 rotations per minute and then centrifuged 
for one minute at 15,000 x g, and the supernatant stored at -80 °C until western blot analysis.  
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Western Blot Analysis 
Western blot analysis followed the protocols of Spence (2012). Samples representing the 
extract from 1.27 cm
2
 of leaf were loaded onto SDS-PAGE 10% Tris-HCL gels (Mini-
PROTEAN TGX 456-1033, BIO-RAD Life Science, Hercules, CA). The extracted polypeptides 
were separated by applying 200 V at 4 °C for 34 minutes. Pre-stained protein standards were 
loaded into the first and last wells of the ten to provide a molecular weight ladder (Precision Plus 
Protein™ Kaleidoscope Standards 161-0375, BIO-RAD Life Science, Hercules, CA). After 
separation, the proteins were blotted onto polyvinylidene fluoride membranes in a transfer buffer 
(0.025 M Tris base, 0.192 M Glycine, and 20% [v/v] methanol) at 100 V for one hour at 4 °C. 
Rubisco polypeptides were detected with rabbit polyclonal antibodies to the spinach Rubisco 
large subunit (Agrisera Antibodies, Vännäs, Sweden). The membranes were incubated with the 
primary poly-clonal antibodies targeting Rubisco, in Tris buffered saline (170-6435, BIO-RAD 
Life Science, Hercules, CA) with 0.05% TWEEN 20 (P5927, Sigma-Aldrich, St. Louis, MO, 
USA) with constant agitation, at room temperature, for three hours. After primary antibody 
incubation the membranes were washed and then incubated with anti-rabbit IgG alkaline 
phosphatase antibody produced in goat, affinity isolated (A7539, Sigma-Aldrich) with constant 
agitation, at room temperature, for one hour. The secondary antibody was detected with a 
mixture of 5-bromo-4-chloro-3-indolyl-phosphate (BCIP) and nitro blue tetrazolium (NBT) 
(Western Blue® Stabilized Substrate, Promega, Madison, WI, USA). After air drying, each 
membrane was photographed using a single-lens reflex digital camera (D80 and AF Micro 
Nikkor 60mm lens, Nikon, Chiyoda-ku, Tokyo, Japan). The relative volume and intensity for 
each band was quantified by 2-D image analysis, and reported as ImageQuant volume (IQV; 
ImageQuant TL 7.0, GE Healthcare Biosciences, Little Chalfont, U.K.). 
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Statistical analysis 
All measured parameters for control and elevated [CO2] grown plants were analyzed 
using a complete block two-way mixed model analysis of variance (PROC MIXED, SAS System 
9.2; SAS Institute, Cary, N.C.) with G. max line, [CO2] treatment, and G. max line by [CO2] 
treatment interaction as fixed effects. Because of the high variability inherent in field trials, and 
the low replication provided by four blocks, a significance level of 0.1 was chosen to avoid the 
possibility of a type II error. 
 
Results  
Weather 
 In both years, temperatures during the growing season were similar to each other and to 
the 30 year average. However, the monthly rainfall for June 2010, and April 2011 were nearly 
double the 30 year average (Table 3.1). The unusually high amounts of precipitation in June 
2010, over 200 mm of rainfall, caused flooding and delayed planting. 
 
Development 
The transgenic plants displayed significant differences in the timing of development, 
when compared to wild type, in the SoyFACE ring plots. In the 2010 growing season it took 1.7 
more days for the ictB line to complete its life cycle (Table 3.3, P<0.01), as well as 1.2 more 
days in reproduction (P<0.1) when grown in ambient [CO2] relative to the wild type. This was 
also the case at elevated [CO2], as ictB also required more days to complete seed fill and dry 
down (P<0.1). The ictB line showed significant increases in their time in seed fill when 
compared to wild type. At ambient [CO2] the seed fill stage was increased by 5 days in ictB 
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(P<0.0001), but only by 1 day in the elevated [CO2] treatment (P<0.05).  
In the 2011 growing season the ictB line again showed an increase in days required to 
complete it life cycle, but only by 1.38 days (P<0.0001), with 0.99 days in the vegetative stage 
(P<0.01) at ambient [CO2]. In the large plots a similar increase in total growing days was also 
observed in the ictB (111.27 days ±0.22) compared with the wild type line (110.5 days ±0.22, 
P<0.01). There was no observed difference in the total days in reproduction between ictB and 
wild type in either CO2 treatment in 2011. However, at ambient [CO2] the ictB line was observed 
to have an increase of 0.8 days in the full pod stage (P<0.05), and 1.0 days in the seed fill stage 
(P<0.05). The ictB line grown at elevated [CO2] displayed an increase of 0.73 days in total 
growing days (P<0.01), 0.98 days in the vegetative stage (P<0.01), and 1.26 days in the full pod 
stage (P<0.001). Unlike the 2010 field season, a significant decrease of 0.71 days was observed 
for the beginning seed formation stage (P<0.01), as well as 0.97 days in seed fill (P<0.05; Table 
3.3). In both years and under both treatments, though, the time between emergence and 
completion of seed fill and dry-down was significantly extended by an average of 1.3 days in the 
ictB transformant. 
 
Photosynthesis 
In 2011, the rate of light-saturated CO2 uptake (Asat) was increased 15% at ambient [CO2] 
(P<0.001) and 26% at elevated [CO2] (P<0.0001; Table 3.1). This significant increase in 
photosynthetic CO2 uptake was also observed during diurnal measurements at high light at 
elevated [CO2] (Figure 3.1). However, Vc,max  showed no significant difference between the wild 
type and the ictB at ambient [CO2], although it was significantly higher in ictB when grown at 
elevated [CO2] (P<0.1). Significant increases observed in ictB plants grown at ambient [CO2] 
48 
 
include: maximum rate of electron transport (Jmax; P<0.1), quantum efficiency of photosystem II 
(ΦPSII; P<0.05), and quantum yield measured at saturating light (ΦCO2; P<0.01). Plants grown at 
elevated [CO2] also had observed increases in Jmax (P<0.0001), ΦPSII (P<0.001), and ΦCO2 
(P<0.0001; Table 3.4). At ambient [CO2] mesophyll conductance for the ictB line (0.3912 
±0.042) was 24% higher than the wild type (0.3144 ±0.044), the same percentage as seen in the 
earlier greenhouse study; however, this difference was not statistically significant (P=0.2150), in 
contrast to the greenhouse study. The maximum quantum yield of leaf CO2 uptake (ΦCO2,max) 
was significantly higher by 6% for the ictB line in ambient [CO2] (P<0.05; Table 3.4), and was 
5% higher for the ictB (0.0715 ±0.0011) compared to wild type (0.0679 ±0.0011) across both 
elevated and ambient [CO2] (P<0.05). 
Gas exchange measurements were taken when senescence had begun in the ambient 
plots, at 99 days after planting (DAP) in 2010 and at 105 DAP in 2011. The ictB line in ambient 
[CO2] had a higher A of 13.77 ±1.44 (P<0.05), when compared to the wild type 6.72±1.75 in 
2010 and 6.11 ±2.01 compared to 1.04 ±1.67 (P<0.05) in 2011.  
 
Productivity 
The ictB line showed large increases in productivity in both ambient and elevated [CO2]. 
In the 2010 field season the ictB line at ambient [CO2] showed a 15% increase (P<0.1) in seed 
yield per plant when compared with the wild type plants (Figure 3.2). The total mass per seed 
also increased by 6% (P<0.05) for the ictB line. The height of plants at the time of harvest was 
also 12% higher for the ictB line (P<0.0001; Table 3.2).  
The ictB line at elevated [CO2] showed a 35% increase (P<0.0001) in total mass per 
plant, which was a result of increases in stem, pod and seed mass. The stem mass per plant 
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increased by 47% (P<0.0001), pod mass per plant increased by 32% (P<0.0005), and seed mass 
per plant increased by 31% (P<0.0001; Figure 3.3). These remarkably large increases for the ictB 
line were also reflected in the other measures of productivity. Plant height increased by 9% 
(P<0.0001) and stem circumference increased by 12% (P<0.0005). The ictB line also exhibited 
an increase of nearly two nodes per plant (P<0.0005) at the time of harvest. Unlike the ictB line 
grown at ambient [CO2] there was no significant difference in the mass of individual seeds; 
however, the ictB plants grown at elevated [CO2] had 46.6 more seeds per plant compared to 
wild type, an increase of 29% (P<0.0005; Table 3.2). 
In the 2011 field season total mass, leaf mass and LAI in the FACE ring plots were larger 
in the ictB line in both CO2 concentrations, but the increases were only significant for total mass 
and leaf mass in ambient [CO2] (P<0.10; Table 3.5). The end-of-season harvest of the large plots 
showed a significant increase of 6.75% in yield per unit land area for the ictB line (4.09 t/ha
-1
) 
compared to the wild type (3.83 t/ha
-1
; P<0.05; Figure 3.5). 
 In the ambient ring plots the ictB line showed a 30% increase (P<0.001) in total mass per 
plant, which was a result of increases in stem, pod and seed mass. The stem mass per plant 
increased by 28% (P<0.01), pod mass per plant increased by 31% (P<0.001; Table 3.6), and seed 
mass per plant increased by 30% (P<0.001; Figure 3.6). There was no significant increase in the 
individual mass per seed, indicating that the 30% increase in seed yield resulted from increased 
seed number. Importantly, the ictB line was observed to have 9% more nodes per plant when 
compared with the wild type (P<0.0001). As in 2010, the average plant height showed no 
significant difference between wild type and ictB lines, but stem circumference was increased 
(P<0.05). The number of pods per plant increased by 29% (P<0.001), and the total number of 
seeds per plant increased by 27% (P<0.01; Table 3.6). 
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 At elevated [CO2], the ictB line showed a 28% increase (P<0.001) in total mass per plant, 
as was seen in the ambient [CO2]; this was a result of increases in stem, pod and seed mass. The 
stem mass per plant increased by 34% (P<0.0001), pod mass per plant increased by 29% 
(P<0.001; Table 3.3), and seed mass per plant increased by 23% (P<0.01; Figure 3.6). The ictB 
line was observed to have a significant increase of almost two nodes per plant when compared to 
the wild type (P<0.0001). At elevated [CO2] the total number of nodes per plant, as well as the 
average increase observed in the ictB line, was consistent across the 2010 and 2011 years. When 
grown at elevated [CO2], the ictB line had an increase in average plant height of 5% (P<0.001). 
There was also an increase observed in the stem circumference (P<0.01), as well as a 28% 
(P<0.0001) increase in the number of pods per plant and a 21% (P<0.01) increase in the total 
number of seeds per plant (Table 3.6). 
 
Western Blot Analysis 
There were no significant differences in Rubisco protein content between the wild type 
and ictB lines at either CO2 concentration. The western blot analysis ImageQuant volume for the 
wild type line at ambient [CO2] was 692 ±63 AI (arbitrary units) compared to ictB at 641 ±105 
(P = 0.5816). The volume for the wild type line at elevated [CO2] was 551 ±37 compared to ictB 
542 ±47 (P = 0.9207; Figure 3.7). 
 
Discussion 
 This study examined whether G. max expressing the ictB gene would have higher 
productivity and seed yield when grown in fully open air field conditions, and how future 
atmospheric [CO2] would affect the ictB line. Over both years of this field study G. max 
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transformed with ictB showed both higher light-saturated leaf photosynthetic CO2 uptake (Asat 
21%, Table 3.4) and higher seed yield per plant (25%, Fig. 3.2; 3.6) and per hectare (7%, Fig. 
3.5). As in previous studies, growth in elevated [CO2] increased photosynthesis significantly, but 
this effect was additive with the presence of ictB. 
 
2010 trial establishment 
 Although increased productivity and photosynthesis was observed in 2010, the crop was 
affected by unusually heavy rains which delayed planting and establishment of the crop across 
the region; as shown in Table 3.1, rainfall for June alone was over 200 mm. Flooding caused 
death of individual plants throughout the rows, increasing intra-row plant spacing. Fortunately 
the variability was controlled for by the randomized complete block design. However, the 
resultant variable plant spacing lead to considerable variation in individual plant size and 
exposure to light, which no doubt increased inter-plant and inter-leaf variability. 
 
Photosynthesis 
 Similar to the study presented in Chapter 2, the ictB line showed significant increases in 
several measures of photosynthetic performance. The rate of light-saturated photosynthetic CO2 
uptake increased by 15% and 25% relative to wild type in ambient [CO2] and elevated [CO2], 
respectively (Figure 3.3). This photosynthetic improvement was also detected diurnally in the 
ictB line grown in elevated [CO2] (Figure 3.1), but only on one of the 2 dates on which this was 
measured. The effect of elevated [CO2] on light-saturated CO2 uptake was an increase of 7% and 
12% in the wild type and ictB, respectively. This was slightly less than the 13% average increase 
in light-saturated C3 photosynthesis for 45 species measured at 11 different FACE studies 
52 
 
(Leakey et al. 2009). This further suggests that the expression of the ictB gene produces similar 
increases in light-saturated CO2 uptake as elevating [CO2] for C3 crops.  
Estimates of Asat were 18% and 25% higher for ictB than the wild type in ambient [CO2] 
and elevated [CO2], respectively (Table 3.4). The reported effect of elevated (567 µmol mol
-1
) 
[CO2] on Asat in legumes was nearly a 20% increase, but showed a lesser impact on plants that 
were RuBP-limited (Ainsworth and Rogers, 2007). The effect of elevated [CO2] on estimates of 
Asat from A/Q curves was 10.5% and 17% for the wild type and ictB line, respectively. However, 
the interaction term for genotype with [CO2] treatment was not significant (P=0.3203), i.e. there 
was no statistical evidence of an altered effect of transformation with ictB at elevated [CO2], 
indicating that the benefit would not be diminished with rising [CO2]. It is important to note that 
during the 2011 growing season, at the SoyFACE facility, there was no reported stimulation of 
Asat by elevated [CO2] in the soybean cultivar Pioneer 93B15 due to drought stress (Carl 
Bernacchi, personal communication). This is consistent with the small increases in Asat shown in 
the wild type grown at elevated [CO2].   
The ictB line showed increases in most measures of photosynthetic capacity: qP, Vcmax, 
Jmax, ΦPSII, and ΦCO2 measured in saturating light (Table 3.4). Increase in Vcmax was not due to a 
change in Rubisco content, since western blots analysis provided no evidence of any difference 
in Rubisco content between the ictB line and wild type in either CO2 treatment (Figure 3.7). The 
observed decreases in Vc,max in elevated [CO2] were also found by Bernacchi et al. (2005) and 
assumed to be to reductions in Rubisco activity.  
The maximum quantum yield of CO2 assimilation (ΦCO2,max) was significantly increased 
by 5% in the ictB line (P<0.05; Table 3.4). This finding is particularly significant since it 
provides strong evidence that ictB is likely acting to increase [CO2] at Rubisco. While a 
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multitude of pleiotropic effects could increase light-saturated photosynthesis, for example by 
increases in a wide range of proteins involved in the light-reactions and carbon metabolism 
(Long et al. 2006; Zhu et al. 2007), an increase in ΦCO2,max is only possible if [CO2] at Rubisco 
is increased, [O2] is decreased, or the kinetic properties of Rubisco are changed. It seems very 
unlikely that transformation with ictB could alter the latter two. The finding is also consistent 
with ictB acting to improve passive diffusion of inorganic carbon to Rubisco, rather than acting 
as an active pump. The latter would require additional energy in the form of ATP, which would 
boost light-saturated photosynthesis by lowering photorespiration and utilizing light-energy 
already in excess; however, it might lower ΦCO2,max due to the additional ATP required to 
“pump” inorganic carbon. It is still possible that ΦCO2,max  would not decrease if the ATP 
savings from the suppression of photorespiration was greater than any ATP requirement of active 
transport. This again seems unlikely since an active transporter would be expected to have some 
decrease in δ13C similar to a C4 photosynthetic profile (Farquhar 1983). Previously no such 
change was observed (Chapter 2), indicating that the increase in ΦCO2,max  is likely due to 
improved passive diffusion of inorganic carbon to Rubisco. 
 
Development 
Growth of soybean in elevated [CO2] in the field has been shown to increase node 
number and duration of the reproductive phase, as well as delay maturity. Indirect evidence that 
ictB is perceived by the plant as increased [CO2] is provided by the fact that the effect on 
development of these plants in ambient [CO2] was very similar to the effect of elevated [CO2] on 
control plants, as described by Castro et al. (2009). That is, node number was increased, overall 
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duration of the reproductive phase extended, and days taken to complete seed fill and dry down 
extended (Table 3.3). 
The ictB line had an increase in its total life cycle for both the 2010 and 2011 field 
season. When grown at ambient [CO2] the ictB line took 5 days longer to complete seed fill in 
2010. An increase in the time of the seed fill stage was also observed in the 2011 growing 
season, but averaged only 1 day (Table 3.3). The increase in total life cycle, and the days in seed 
fill help to explain the improvement in productivity for the ictB line; this is verified by the 
significant increase in photosynthesis from the photosynthetic measurements taken near the end 
of the growing season in both years.  
 
Possible ictB mode of action   
 Interestingly, the ictB line displayed large increases in all measures of photosynthesis and 
productivity, save individual seed mass, when grown under elevated [CO2]. If ictB acted as a 
bicarbonate transporter it would be expected that increases in photosynthesis would diminish as 
the external [CO2] is increased. However, if ictB simply provides a channel decreasing resistance 
to inorganic transfer, then the benefit would persist at elevated [CO2]. The dramatic increase in A 
and Asat relative to wild type suggests an additive effect of [CO2] on the photosynthesis of the 
ictB line (Table 3.4; Figure 3.4). A possible explanation for this result could be a CO2 channeling 
effect similar to that seen in aquaporins (Hanba et al. 2004). The ictB gene encodes for a protein 
with 10 putative transmembrane regions (Bonfil et al. 1998) and would need to form a channel 
across the chloroplast membrane to transport inorganic carbon. It is important to note that unlike 
C3 plants overexpressing aquaporins (Hanba et al.2004), the ictB line displays no change in 
stomatal conductance (Table 3.4; Chapter 2). This is likely due to the ictB construct’s SSU 
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transit peptide, which localizes the ictB protein to the chloroplast (Schmidt et al. 1979). 
Currently, the exact mechanism of the ictB protein is unknown (Shibata et al. 2002; Price et al. 
2008), so an explanation beyond speculation is unavailable. 
 
Productivity 
 The ictB line had large increases in productivity for the 2010 and 2011 field seasons in 
both CO2 treatments. This is consistent with the observed increases in leaf CO2 uptake and the 
extension of the reproductive phase. The increase in node number in the ictB line was also 
previously reported for soybean grown in elevated [CO2] (Morgan et al. 2005). The ictB line 
showed an increase of 27% in the average seed yield across both years and CO2 treatments 
compared to wild type (Tables 3.2; 3.6). This is greater than the average observed increase in 
yield of 13% for C3 crops grown in elevated (550 ppm) [CO2] (Long et al. 2006). However, on 
an area basis, the seed yield per hectare increased by only 7% for the ictB line (Figure 3.5). The 
larger increases in the ring plots could reflect the fact that a single row of each line was planted, 
and thus a small increase in growth early in development could allow the plant to occupy more 
inter-row space and exaggerate a growth and yield advantage.  In the large plots, adjacent rows 
were of the same genotype, which would avoid this problem. Therefore, it appears that the 
smaller 7% increase in the ictB line is likely more representative of the yield increases at ambient 
[CO2].   
Consistent with the additive effect of elevated [CO2] on leaf photosynthetic CO2 uptake 
in the ictB line, there were large increases in seed yield, stem mass and pod mass (Figures 3.2; 
3.6; Tables 3.2; 3.6). The ictB line had a small but significant decrease in its harvest index 
relative to wild type when grown at elevated [CO2]; this is due to an increase in the ratio of stem 
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mass to total mass (Table 3.6). Soybean harvest index decreases in elevated [CO2] due to an 
increased stem partitioning (Ainsworth et al. 2002; Morgan et al. 2005). Improving the harvest 
index (p ) of the ictB line in elevated [CO2] should further improve potential seed yield.  
 
Conclusion 
The improvements observed in a field agricultural setting were consistent with those in the 
greenhouse (Chapter 2), and contrary to the prediction that the effects of expressing the ictB 
would have a diminished effect under conditions of future elevated [CO2], the ictB line displayed 
large increases in photosynthesis and productivity. The increase in ΦCO2,max also suggests that 
the additive effect of elevated [CO2] on the ictB line is due to an improved passive diffusion of 
inorganic carbon to Rubisco, rather than an active pump which would require additional energy 
and lower ΦCO2,max. The results of this study have definitively shown in a two-year field trial 
that transformation with the cyanobacterial ictB gene increases photosynthesis and productivity 
in the C3 crop Glycine max. 
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Figures and Tables 
 
Figure 3.1. Diurnal measure of leaf carbon uptake (A), ci, and stomatal conductance (gs) taken on 8/2/2010 
comparing ictB to wild type plants grown in elevated [CO2]. The 8:00 time point was removed due to dew being 
present on the sampled leaves. The PPFDs were 1700, 1890, 1593, 1102 for each time point respectively. Points 
represent means ± SE. * indicates a significant difference P<0.1determined from a complete block mixed model 
ANOVA (n=4) with line as the fixed effect.  
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Figure 3.2. End-of-season production from the 2010 SoyFACE ictB experiment. Total mass per plant of wild type 
and ictB transgenic from the 2010 SoyFACE growing season. Constituents of total dry mass, and significant 
differences between control and ictB are shown above mass figures, bars represent the arithmetic mean ±SE, * P<0.1 
** P<0.05, *** P<0.001. P values determined from a complete block two-way mixed model ANOVA with [CO2] 
and line as fixed effects (n=4). 
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Figure 3.3. Comparison of wild type and ictB light-saturated (Q= 2000 µmol m
-2
 s
-1
) leaf carbon uptake (A) at 
ambient and elevated [CO2] in the 2011 field season. * indicates significant difference between the wild type and 
ictB lines (P<0.01) determined from a complete block two-way mixed model ANOVA with [CO2] and line as fixed 
effects (n=4). 
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Figure 3.4. Comparison of wild type and ictB photosynthetic leaf CO2 uptake (A) versus photosynthetic photon flux (Q) curves at 
ambient (392 µmol mol-1) and elevated [CO2] (600 µmol mol
-1) at a leaf temperature of 25 Cº. Measurements were taken 41-50 
DAP in the 2011 field season. The fitted lines are a 3-parameter non-rectangular hyperbola describing the response of A to Q fit 
to the measurements made for each leaf (n=19 at ambient [CO2]; n=16 for elevated [CO2]).  
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Figure 3.5. 2011 SoyFACE ambient [CO2] large plot, seed yield per hectare. Bars represent the arithmetic mean 
yield per hectare
-1 
±SE, * indicates a significant difference P<0.05 from a complete block mixed model ANOVA 
with line as the fixed effect (n=3). 
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Figure 3.6. End-of-season production from the 2011 SoyFACE ictB experiment. Total mass per plant of wild type 
and ictB transgenic from the 2011 SoyFACE growing season. Constituents of total dry mass, and significant 
differences between control and ictB are shown above mass figures, bars represent the arithmetic mean ±SE,  *, **, 
***  represents significant difference at a P < 0.05, 0.01, 0.001 respectively determined from a complete block two-
way mixed model ANOVA with [CO2] and line as fixed effects (n=4). 
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Figure 3.7. Quantitative Rubisco western blot of the wild type and ictB line 45 DAP, grown at elevated [CO2]. Lane 
1 started on the left side of the image. Lanes 1 and 10 were molecular weight protein standards, lanes 2-5 were 
biological replicates of the wild type, lanes 6-9 were biological replicates of the ictB line. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
64 
 
       Year Month 
Precipitation 
(mm.) Rain Days 
Average 
High Temp 
(C°) 
Average 
Low  Temp 
(C°) 
Average 
Mean Temp 
(C°) 
Daily 
Max Precipit
ation (mm.) 
2010 Jan. 31.5 7 -3.39 -10.06 -6.72 9.1 
2010 Feb. 40.9 9 -0.44 -8.00 -4.22 16.5 
2010 Mar. 73.9 12 11.94 1.11 6.56 18.0 
2010 Apr. 52.8 11 21.33 7.61 14.44 16.5 
2010 May 86.6 14 23.72 12.50 18.11 22.9 
2010 Jun. 211.6 17 29.00 18.56 23.78 34.3 
2010 Jul. 95.3 10 30.50 19.44 25.00 29.7 
2010 Aug. 41.7 6 31.33 18.78 25.06 23.4 
2010 Sep. 81.3 12 26.33 12.94 19.67 24.1 
2010 Oct. 27.9 6 20.83 6.22 13.50 9.7 
2010 Nov. 97.8 7 12.11 -0.72 5.67 39.9 
2010 Dec. 64.8 9 -1.44 -8.83 -5.17 26.7 
2010 Tot. 906.0 120 16.83 5.78 11.33 39.9 
2010 Wtr. 168.1 27 -0.61 -8.06 -4.33 30.0 
2010 Spr. 213.4 37 19.00 7.06 13.06 22.9 
2010 Smr. 348.5 33 30.28 18.94 24.61 34.3 
2010 Fal. 207.0 25 19.78 6.17 12.94 39.9 
2011 Jan. 16.8 9 -1.89 -10.00 -5.94 4.3 
2011 Feb. 95.8 10 2.44 -5.67 -1.61 25.7 
2011 Mar. 34.5 8 10.67 -0.06 5.28 14.2 
2011 Apr. 188.5 19 17.83 6.00 11.94 55.4 
2011 May 125.2 14 22.22 11.00 16.61 38.6 
2011 Jun. 106.2 13 28.44 17.17 22.83 36.6 
2011 Jul. 40.1 4 33.06 21.11 27.11 29.2 
2011 Aug. 44.7 5 31.11 17.56 24.33 29.0 
2011 Sep. 69.3 12 23.89 11.83 17.83 17.3 
2011 Oct. 62.5 10 20.06 5.89 13.00 28.7 
2011 Nov. 119.9 14 12.44 2.50 7.50 23.9 
2011 Dec. 69.6 11 6.06 -2.17 1.94 23.4 
2011 Tot. 973.1 129 17.22 6.28 11.72 55.4 
2011 Wtr. 177.3 28 -0.28 -8.17 -4.22 26.7 
2011 Spr. 348.2 41 16.89 5.67 11.28 55.4 
2011 Smr. 191.0 22 30.89 18.61 24.78 36.6 
2011 Fal. 251.7 36 18.78 6.72 12.78 28.7 
 Jan. 51.4 9 0.71 -7.83 -3.55 16.6 
 Feb. 55.3 9 3.37 -5.61 -1.11 22.6 
 Mar. 72.9 11 10.24 -0.44 4.92 24.5 
 Apr. 94.6 12 17.31 5.03 11.18 29.8 
30 Year May 123.4 12 23.22 11.00 17.12 38.4 
Average Jun. 108.2 10 28.21 16.32 22.28 37.0 
 Jul. 115.0 10 29.69 18.31 24.01 41.7 
 Aug. 93.9 9 28.90 17.22 23.07 38.2 
 Sep. 78.6 8 25.65 12.56 19.12 32.5 
 Oct. 82.4 10 18.59 6.19 12.40 29.2 
 Nov. 95.8 10 10.49 0.63 5.57 30.8 
 Dec. 69.7 11 2.87 -5.39 -1.25 23.4 
 Tot. 1041.4 121 16.65 5.71 11.19 69.5 
 Wtr. 176.1 29 2.23 -6.35 -2.05 33.2 
 Spr. 290.9 35 16.92 5.20 11.07 45.8 
 Smr. 317.2 29 28.94 17.29 23.13 59.6 
 Fal. 256.9 28 18.24 6.46 12.36 47.0 
             
 
Table 3.1 Mean annual and monthly climate data for 2010 and 2011, and 30 year averages, collected from the 
monitoring stations of the Illinois Climate Network located at Urbana, IL (lat. -88.23, long. 40.08). 
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Ambient [CO2]     Wild type            ictB       P-Value 
Height (cm)   65.59 ±1.34     73.64 ±1.31 <0.0001 
Circumference (cm)     2.64 ±0.07       2.66 ±0.05   0.866 
Number of nodes   14.76 ±0.42     15.18 ±0.36   0.4717 
Pods per plant No Data   No Data       - 
Total number of seeds per plant 128.6 ±8.7   141.8 ±7.0   0.2415 
Individual seed mass (mg) 140.2 ±2.7   148.4 ±2.2   0.0223 
Seed mass (grams)   18.12 ±1.26     20.86 ±1.01   0.0960 
Stem mass (grams)     7.45 ± 1.56       8.33 ±1.5   0.3228 
Pod mass (grams)     7.91 ±0.56       8.05 ±0.66   0.6576 
Total mass (grams)   32.33 ±2.19     36.43 ±3.56   0.3750 
Harvest Index     0.5631 ±0.0050       0.5554 ±0.0046   0.2582 
Ratio of stem mass to total mass     0.2138 ±0.0061       0.2308 ±0.0057   0.0010 
    
Elevated [CO2]    
Height (cm)   75.75 ±1.14   82.37 ±0.70 <0.0001 
Stem circumference (cm)     2.87 ±0.09     3.21 ±0.09   0.0003 
Number of nodes per plant   15.45 ±0.46   17.38 ±0.41   0.0002 
Pods per plant No Data No Data       - 
Total number of seeds per plant 158.4 ±12.5 205.0 ±13.8   0.0004 
Individual seed mass (mg) 149.3 ±2.4 152.2 ±1.9   0.199 
Seed mass (grams)   24.16 ± 2.06   31.58 ±2.38   0.0050 
Stem mass (grams)   10.06 ±0.84   14.81 ±0.95 <0.0001 
Pod mass (grams)     8.69 ±0.69   11.51 ±0.83   0.0002 
Total mass (grams)   42.92 ±2.50   57.91 ±4.13 <0.0001 
Harvest Index     0.5590 ±0.0038     0.5412 ±0.0037   0.0208 
Ratio of stem mass to total mass     0.2371 ±0.0035     0.2601 ±0.0041 <0.0001 
 
Table 3.2. End-of-season productivity results from the 2010 SoyFACE ictB field experiment. Bolded titles and P-
values indicate significant difference (P<0.1; n=4) determined from a complete block two-way mixed model 
ANOVA with [CO2] and line as fixed effects (n=4).  
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2010 Ambient [CO2]     Wild type         ictB   P-Value 
Total Days 101.78 ±0.61 103.43  ±0.47   0.0060 
Reproductive Days   60.42 ±0.41   61.58  ±0.27   0.0536 
Flowering     5.94 ±0.24     6.14  ±0.27   0.7418 
Beginning Pod     8.63 ±0.27     8.62  ±0.24   0.9974 
Full Pod     3.19 ±0.39     3.20  ±0.23   0.9539 
Beginning Seed   14.75 ±0.22   14.34  ±0.24   0.5685 
Seed Fill   19.29 ±1.75   24.32  ±0.23 <0.0001 
Beginning Senescence     8.63 ±0.41     5.39  ±0.27 <0.0001 
    
2010 Elevated [CO2]     Wild type         ictB   P-Value 
Total Days 106.80  ±0.45 107.75  ±0.69   0.0751 
Reproductive Days   63.26  ±0.45   63.77  ±0.70   0.3419 
Flowering     5.06 ±0.35     5.47  ±0.47   0.4571 
Beginning Pod     9.37 ±0.36     7.95  ±0.47   0.0278 
Full Pod     3.68 ±0.48     3.03  ±0.32   0.2317 
Beginning Seed   12.58 ±0.26   13.50  ±0.22   0.0913 
Seed Fill   25.90 ±0.26   27.08  ±0.32   0.0320 
Beginning Senescence     6.68 ±0.45     6.75  ±0.70   0.8982 
    
2011 Ambient [CO2]     Wild type        ictB   P-Value 
Total Days 115.28 ±0.32 116.64 ±0.13 <0.0001 
Vegetative Days   44.06 ±0.34   45.05 ±0.19   0.0078 
Reproductive Days   71.19 ±0.35   71.58 ±0.27   0.3453 
Full Pod     4.57 ±0.27     5.37 ±0.30   0.0298 
Beginning Seed     8.38 ±0.25     7.50 ±0.28   0.0150 
Seed Fill   26.00 ±0.35   26.98 ±0.28   0.0151 
Beginning Senescence     9.33 ±0.35     8.38 ±0.23   0.0095 
    
2011 Elevated [CO2]     Wild type        ictB   P-Value 
Total Days  116.51 ±0.19 117.24 ±0.12   0.0065 
Vegetative Days    45.76 ±0.25   46.74 ±0.24   0.0093 
Reproductive Days    70.74 ±0.29   70.46 ±0.27   0.5131 
Full Pod      5.77 ±0.32     7.03 ±0.24   0.0007 
Beginning Seed      7.50 ±0.30     6.79 ±0.23   0.0040 
Seed Fill    27.99 ±0.27   27.02 ±0.32   0.0171 
Beginning Senescence      6.92 ±0.24     6.79 ±0.29   0.7155 
    
Table 3.3. Data from 2010, 2011 SoyFACE ictB experiment. Time in stage differences observed in the 2010, 2011 
growing season between wild type and the ictB transformant. Bolded titles and P-values indicate significant 
difference (P<0.1; n=4) determined from a complete block two-way mixed model ANOVA with [CO2] and line as 
fixed effects (n=4). 
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Ambient [CO2] Wild Type         ictB  P-Value 
Vcmax(µmol m
-2
 s
-1
) 129.97 ±3.80 134.42 ±4.18   0.4140   
Jmax(µmol m
-2
 s
-1
) 153.84 ±4.02 163.33 ±4.36   0.0767 
ΦPSII      0.1911 ±0.007     0.2141 ±0.0074   0.0267 
ΦCO2      0.01498 ±0.00051     0.01694 ±0.00052   0.0028 
ΦCO2 max     0.06247 ±0.00120     0.06648 ±0.00138   0.0361 
qP     0.4813 ±0.0114     0.5090 ±0.0119   0.0943 
Asat(µmol m
-2
 s
-1
)   30.63 ±1.28   36.14 ±1.33   0.0010 
ci(µmol mol
-1
) 261.41 ±10.13 277.12 ±10.83   0.2919 
gs (mol m
-2
 s
-1
)     0.5337 ±0.0296     0.5424 ± 0.0274   0.8282 
Rd(µmol m
-2
 s
-1
)     1.63 ±0.09     2.08 ±0.11   0.0008 
    
Elevated [CO2] Wild Type         ictB  P-Value 
Vcmax(µmol m
-2
 s
-1
) 104.08 ±6.18 117.98 ±6.31   0.0523 
Jmax(µmol m
-2
 s
-1
) 131.32 ±5.61 152.02 ±5.70 <0.0001 
ΦPSII     0.1708 ±0.0081     0.2102 ±0.0078   0.0007 
ΦCO2      0.01595 ±0.00056     0.01915 ±0.00055 <0.0001 
ΦCO2 max     0.07335 ± 0.00129     0.07651 ± 0.00167   0.1444 
qP     0.4198 ±0.01300     0.5013 ±0.0126 <0.0001 
Asat(µmol m
-2
 s
-1
)   33.83 ±1.46   42.13 ±1.43 <0.0001 
ci(µmol mol
-1
) 430.63 ±14.00 413.41 ±15.81   0.2322 
gs (mol m
-2
 s
-1
)     0.4772 ± 0.0290     0.4976 ± 0.0254   0.5960 
Rd(µmol m
-2
 s
-1
)     1.77 ±0.09     1.90 ±0.12   0.3860 
    
Table 3.4. Photosynthetic characteristics taken from wild type and ictB plants grown in ambient and elevated [CO2] 
during the 2011 field season. Photosynthetic photon flux density = 2000µmol m
-2
 s
-1
. Estimates of Vcmax and Jmax 
were determined from fitted (A/ci) response curves by the most limiting photosynthetic process: Rubisco-
carboxylation limited, RuBP-regeneration limited, or triose phosphate utilization (TPU) limited assimilation rate. 
The estimate of Asat andRdwere determined from (A/Q) response curves using a 3-parameter non-rectangular 
hyperbola describing the response of A to Q. Bolded titles and P-values indicate significant difference (P<0.1; n=4) 
determined from a complete block two-way mixed model ANOVA with [CO2] and line as fixed effects (n=4).  
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Ambient [CO2]  Wild Type        ictB          P-Value 
Total Mass (grams) 15.18    ±1.51 19.73   ±1.48  0.0615 
Leaf Mass (grams)   4.12    ±0.39   5.39   ±0.50  0.0613 
LAI   7.32    ±0.70   8.27   ±0.66 0.324 
    
Elevated [CO2]  Wild Type        ictB          P-Value 
Total Mass (grams) 17.62    ±2.62 20.45    ±1.78 0.2404 
Leaf Mass (grams)   4.47    ±0.69   5.04    ±0.52 0.3951 
LAI   6.81    ±0.88   7.32    ±0.65 0.5979 
 
Table 3.5. Data from plants harvested at 75 days after planting when the plants should be at or near peak biomass; 
before seed fill. Bolded P-values indicate significant difference (P<0.1; n=4) determined from a complete block two-
way mixed model ANOVA with [CO2] and line as fixed effects (n=4).  
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Ambient [CO2]   Wild Type         ictB   P-Value 
Height (cm)   80.08 ±0.78   81.7 ±0.74   0.1661 
Circumference (cm)     1.79 ±0.04     1.90 ±0.04   0.0397 
Number of nodes per plant   14.45 ±0.22   15.77 ±0.24 <0.0001 
Pods per plant   17.13 ±0.76   22.08 ±0.96   0.0006 
Total number of seeds per plant   41.4 ±1.9   52.4 ±2.1   0.0018 
Individual seed mass (mg) 139.8 ±1.7 142.7±1.5   0.2047 
Seed mass (grams)     5.77 ±0.26     7.51 ±0.33   0.0006 
Stem mass (grams)     3.83 ±0.17     4.90 ±0.19   0.0018 
Pod mass (grams)     2.63 ±0.12     3.45 ±0.14   0.0006 
Total mass (grams)   12.24 ±0.55   15.87 ±0.65   0.0006 
Harvest Index     0.4725 ±0.004     0.4711 ±0.003   0.7969 
Ratio of stem mass to total mass     0.3138 ±0.003     0.311 ±0.003   0.6339 
    
Elevated [CO2]    Wild Type         ictB   P-Value 
Height (cm)   83.87 ±1.31   87.80 ±1.10   0.0009 
Circumference (cm)     1.88 ±0.03     2.04 ±0.04   0.003 
Number of nodes per plant   15.98 ±0.25   17.58 ±0.24 <0.0001 
Pods per plant   20.17 ±1.12   25.83 ±1.25 <0.0001 
Total number of seeds per plant   48.6 ±2.8   58.6 ±3.1   0.004 
Individual seed mass (mg) 134.5 ±1.5 135.6 ±1.5   0.6193 
Seed mass (grams)     6.55 ±0.39     8.06 ±0.47   0.003 
Stem mass (grams)     4.73 ±0.23     6.35 ±0.29 <0.0001 
Pod mass (grams)     3.26 ±0.19     4.19 ±0.21   0.0001 
Total mass (grams)   14.55 ±0.80   18.60 ±0.94   0.0001 
Harvest Index     0.4453 ±0.004     0.4253 ±0.005   0.0003 
Ratio of stem mass to total mass     0.3321 ±0.005     0.3495 ±0.006   0.0034 
    
Table 3.6. End-of-season productivity results from the 2011 SoyFACE ictB experiment. Productivity results from 
the 2011 SoyFACE field experiment. Bolded titles and P-values indicate significant difference (P<0.1; n=4) from a 
complete block two-way mixed model ANOVA with [CO2] as the fixed effect. 
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CHAPTER 4: EXPRESSION OF THE FBP1 CYANOBACTERIAL GENE IN GLYCINE MAX 
AND THE EFFECT ON PHOTOSYNTHESIS, DEVELOPMENT AND YIELD IN THE 
FIELD UNDER AMBIENT AND ELEVATED CARBON DIOXIDE CONCENTRATIONS 
 
Abstract 
 Glycine max expressing the FBP1 gene, encoding the FBPase/SBPase bifunctional 
enzyme, was previously compared to the wild type in a light and temperature controlled, isolated 
greenhouse. No statistically significant improvement in photosynthesis or yield over the wild 
type was found. It is hypothesized that a phenotype of this transformant will most likely be 
expressed under high-light and high [CO2] conditions, where the advantage of this 
transformation would be greatest. The SoyFACE facility, which allows controlled elevation of 
[CO2] under open-air field conditions, provided an opportunity to test this hypothesis. Over two 
growing seasons, the FBP1 line had significant improvements in leaf photosynthetic CO2 uptake 
rate under high light of 14% and 12% compared to wild type, for ambient and elevated [CO2], 
respectively. The FBP1 line exhibited delayed development, with an increase of total growing 
days by nearly a week in ambient [CO2]. The predicted increases in plant productivity for the 
FBP1 line were observed in total mass, stem mass, pod mass, leaf mass, LAI, node number, 
number of pods and most importantly an increase of 10% in seed yield per hectare. The FBP1 
line, expressing the FBP1 gene, exhibited an increased rate of photosynthetic CO2 uptake, 
improved productivity, and an extended growing season when compared to the wild type at 
elevated [CO2].  
 
Introduction 
The chloroplastic enzyme SBPase is unique to the photosynthetic carbon reduction cycle, 
and catalyzes the dephosphorylation of sedoheptulose-1,7-bisphosphate (SBP) to sedoheptulose-
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7-phosphate. It is located at the branch point between the assimilatory and regenerative stages, 
and so plays a critical role in the regeneration of ribulose-1,5-bisphosphate (RuBP) (Raines et al. 
1999). The high flux control coefficient of SBPase (0.3-0.7) in light-saturated photosynthesis 
suggests this as a particularly attractive target for developing germplasm with increased 
photosynthetic capacity (Raines 2003; Long et al. 2006; Zhu et al. 2007). Transgenic tobacco 
plants over-expressing an Arabidopsis SBPase showed a significantly greater light-saturated rate 
of photosynthetic CO2 uptake (Asat), accelerated growth rate, and leaf area and biomass 
(Lefebvre et al. 2005). Additionally, these plants showed an even greater increase in 
photosynthetic leaf CO2 uptake (A) and biomass productivity when grown under elevated [CO2] 
(Rosenthal et al. 2011). Further atmospheric [CO2] is rising at an unprecedented rate and is 
expected to reach 600 µmol mol
-1
 in the second half of this century (IPCC 2007). However, it 
has not yet been shown that increasing the amount of SBPase increases the yield of a major food 
and feed crop that has already been highly selected for productivity. 
An alternative to using the Arabidopsis enzyme is the FBPase/SBPase bifunctional 
enzyme in cyanobacteria, which has the same enzymatic function as the individual enzymes 
present in higher plants. Transgenic tobacco plants, transformed to express the FBP1 
cyanobacterial gene to produce the FBPase/SBPase bifunctional enzyme in the chloroplast, also 
showed a significant increase in both photosynthetic leaf CO2 uptake (50%) and biomass 
production (24%; Miyagawa et al. 2001). Recently Glycine max [L.] Merr. cv. Thorne, 
hereinafter referred to as soybean, has also been transformed with cyanobacterial FBP1. All 
three events showed increased photosynthesis in controlled conditions, and the T3 providing the 
greatest increase was selected for this field study (Tom Clemente, personal communication). 
This study tested the hypothesis that under open-air field conditions this transformant would 
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produce a phenotype with significantly increased photosynthetic CO2 uptake and productivity, 
relative to the wild type, and that these increases would be greater under future elevated [CO2] 
conditions. The SoyFACE facility on the South Farms of the University of Illinois, which 
elevates [CO2] to 600 µmol mol
-1
 under fully open-air conditions using Free-Air Concentration 
Enrichment technology (Morgan et al. 2005), provides a unique opportunity to test these 
questions.   
 
Materials and Methods 
Plant Material 
 Seeds were obtained from Glycine max cv. Thorne, transformed using the 
Agrobacterium-mediated method outlined previously (Clemente, 1997; Hinchee et al. 1988). The 
FBP1 cassette contains the FBP1 gene of interest under the control of the peanut chlorotic streak 
virus promoter, coupled with the tobacco etch translational enhancer element, coupled to the pea 
Rubisco small-subunit (SSU) transit peptide for transport across the plastid membrane. The 
presence of the insertions was verified by RT-PCR and Southern blot analysis (Tom Clemente, 
personal communication). Event 480-7, T4 homozygous for FBP1, was selected from three 
events for further study to determine if growth in elevated [CO2] would improve photosynthesis 
and productivity. The control throughout was the parent, or wild type, from which the 
transformants were derived, hereinafter referred to as the wild type. The wild type plants were 
from the same population that was transformed, and the seed for this experiment was obtained 
from plants grown alongside the T3 plants in the preceding greenhouse experiment (Chapter 2). 
Growing the two in exactly the same environment minimized the risk of confounding differences 
with any epigenetic or other effects of pre-environmental history on the next generation.   
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Field Locations 
The study was conducted at the soybean free air gas concentration enrichment 
(SoyFACE) facility in Champaign, IL, USA (40º02’N, 88°14’W, 228 m above sea level) during 
the 2010 and 2011 growing seasons. Weather data for the site was obtained from Illinois Climate 
Network weather station located at Champaign, IL, and within 3 miles of the experiment. The 
SoyFACE facility, situated on 32 ha of Illinois farmland, consisted of four blocks, each 
containing two 19 m diameter octagonal plots. Within each block, one plot was at current 
ambient [CO2] and one plot was fumigated from sunrise to sunset to an elevated target [CO2] of 
200 µmol mol
-1 
above ambient [CO2], using the FACE design of Miglietta et al. (2001). This has 
been detailed previously by Morgan et al. (2005). Briefly, each plot is an octagon of 19 m 
between parallel sides formed by pipes suspended just above the top of the canopy. Wind speed 
and direction are monitored at the center of each ring and, via a microprocessor, activate valves 
on the upwind side to release CO2 from micropores along the pipes circumscribing the octagon. 
Based on one-minute averages, the [CO2] is maintained to within ±10% of the target 
concentration for >90% of the growing season (Morgan et al. 2005). Experimental plots were 
separated by at least 100 m to avoid cross-contamination of CO2 and O3 (Nagy et al. 1994; 
Morgan et al. 2005). The majority of the soil is a Drummer (fine-silty, mixed, mesic Typic 
Endoaquoll), which is very deep and formed from loess and silt parent material deposited on the 
till and outwash plains. No nitrogen fertilizer was added to the soybean crop, following standard 
regional agronomic practice (Morgan et al. 2005). 
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Trial Establishment 
The field trials were arranged in a randomized complete-block design (n=4) in the spring 
of 2010 and 2011. Wild type (Glycine max cv. Thorne) and FBP1 lines, produced from the same 
population of this genotype, were sown into the 4 replicate blocks containing 2 plots each, one 
plot at ambient [CO2] and one at elevated [CO2]. Each plot, referred to hereafter as a ring plot, 
contained five planted rows, 3 m in length, with a row spacing of 0.38 m. The first and fifth rows 
in each plot were sown with the wild type line to serve as border rows, as required by the USDA-
APHIS permit. Each of the inner three rows was randomly assigned to be planted with either the 
wild type, the FBP1 line or to a second transgenic as part of a separate experiment discussed in 
Chapter 3. After emergence, ten plants in 2010 and fifteen plants in 2011 were randomly selected 
and tagged from each of the treatment rows. These tagged plants were used to track 
development. The developmental stage of each was recorded at approximately 2-day intervals 
from emergence to full senescence, recording the developmental stages as described by 
McWilliams et al. (1999) and Castro et al. (2009). Growing degree day (GDD) was calculated 
using the equation: 
baseT
TT
Cd 


2
minmax  Eq. 4.1 (McMaster and Wilhelm 1997) 
where Tmax and Tmin are daily maximum and minimum air temperature, respectively, and Tbase is 
the base temperature of 10 °C for Glycine max (Brown 1960). 
In 2011 an additional large plot experiment was established at the SoyFACE facility to 
assess plant productivity over a larger plot area under current atmospheric [CO2]. The large plots 
were planted in a completely randomized complete-block design (n=4) and 100 m distant from 
the nearest FACE ring plot. Each block contained two of these large plots, one assigned to the 
wild type and the other to the FBP1 lines. Each plot consisted of 4 rows, 4 m in length, with a 
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row spacing of 0.45 m. After emergence, 15 plants were randomly selected and tagged, and the 
developmental stage of the tagged plants was recorded at approximately 2-day intervals from 
emergence to full senescence following the developmental stages as described by McWilliams et 
al. (1999) and Castro et al. (2009).  
 
The response of leaf photosynthesis to intercellular [CO2] (A/ci) 
In 2011 the response of leaf CO2 uptake to intercellular [CO2] (A/ci) was determined for 
the uppermost fully expanded leaves of three randomly selected plants for both the wild type and 
FBP1 line in each of the 4 ring plots, to complete all 124 curves required several days between 
41-50 days after planting. Leaves were excised in the field before dawn and cut under water to 
avoid xylem embolism. Measurements were then conducted in a controlled environment. This 
method ensured that leaves were not water stressed, photo-inhibited, or triose-phosphate limited 
(Bernacchi et al. 2005). This allowed measurement of the potential maximum rates of 
carboxylation (Vc,max) and electron transport to support carbon assimilation (Jmax) independent of 
secondary transient effects on these parameters due to diurnal changes in photoinhibition, triose 
phosphate limitation and water stress. The excised leaves were kept in low light (<10 µmol m
–
2
 s
–1
) until 15 min prior to measurements when they were light acclimated (approximately 
1,000 µmol m
–2
 s
–1
 white light) outside the gas exchange chamber. Leaf gas-exchange 
measurements were coupled with measurements of chlorophyll fluorescence using portable open 
gas exchange systems incorporating infra-red CO2 and water vapor analyzers (LI- 6400; LI-COR 
Inc., Lincoln, NE, USA) with a controlled environment leaf enclosure cuvette incorporating an 
LED illumination and a modulated chlorophyll fluorometer (LI-6400-40; LI-COR, Inc.). Vc,max 
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and Jmax were determined by fitting the response of A to ci following the equations of von 
Caemmerer et al. (2000), as described by Bernacchi et al. (2005).  
 
End-of-season leaf CO2 uptake 
Because the FBP1 transformants appeared green at the end of the growing season when 
the wild type plants were senescing, additional gas exchange measurements were made at this 
stage to determine whether these leaves also remained photosynthetically competent. Leaves 
were excised in the field before dawn and cut under water. Measurements were then conducted 
in a controlled environment. The excised leaves were kept in low light (<10 µmol m
–2
 s
–1
) until 
15 min prior to measurements when they were light acclimated (approximately 1,000 µmol m
–
2
 s
–1
 white light) outside the gas exchange chamber. Leaf gas-exchange measurements were 
coupled with measurements of chlorophyll fluorescence using an open gas-exchange system and 
fluorometer, as described in the preceding subsections (LI-6400 and LI-6400-40; LI-COR). 
Leaves were acclimated to 2,000 µmol m
–2
 s
–1
 red and blue light, and the [CO2] in the cuvette 
was set to the [CO2] of the appropriate FACE ambient or elevated [CO2] treatment, i.e. the levels 
in which these plants had grown; 392 or 600 µmol mol
-1
. Leaf CO2 uptake was measured for the 
wild type and FBP1 lines on 16 randomly selected uppermost fully expanded soybean leaves; at 
99 and 105 DAP in 2010 and 2011, respectively. 
 
Response of photosynthesis to photon flux (A/Q) 
Photosynthetic light response curves (A/Q) were determined immediately following 
measurement of the A/ci curves during the 2011 growing season, following the methods found in 
Bernacchi et al. (2005). This also used the same gas exchange system (LI-6400 and LI-6400-40; 
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LI-COR) as described in the preceding section. Leaves were acclimated to 2,000 µmol m
–2
 s
–
1
 red and blue light, and the [CO2] surrounding the leaf was set to the [CO2] of the FACE 
ambient and treatment, as described in the previous subsection. Leaves were allowed to achieve 
steady state before measurements commenced; this was assessed as the point at which A did not 
vary by more than ±3% over 2 minutes. Once steady-state had been obtained at 2,000 µmol m
–
2
 s
–1
A, the associated gas exchange and fluorescence parameters were recorded and photon flux 
was then decreased stepwise finishing in complete darkness (Q=2000, 1500, 1000, 500, 200, 
100, 75, 50, 25, 0), repeating the steady-state measurements at each photon flux. All light 
response curves were completed within 6 h of leaf collection. A 3-parameter non-rectangular 
hyperbola describing the response of A to Q was fit to the measurements made for each leaf 
(Long and Hällgren 1993). The three parameters obtained from each fit were: the light saturated 
CO2 uptake rate (Asat), the maximum quantum yield of CO2 assimilation (ΦCO2,max) and the 
convexity of the transition from light-limited to light-saturated photosynthesis (θ).   
The chlorophyll ﬂuorescence terminology follows the convention of Baker & Oxborough 
(2004). Photochemical efficiency of photosystem II (ΦPSII) for a light adapted leaf was 
determined by measuring the steady state-fluorescence (Fs) and the maximum fluorescence 
during a light saturating pulse of >7 mmol m
-2
 s
-1
 (Fm’ ; Equation 4.2; Genty and Briantais 1989). 
Quantum yield of CO2 assimilation (ΦCO2) was determined by equation 4.3, where A is CO2 
assimilation rate (μmol m-2 s-1), Adark is dark CO2 assimilation rate (μmol m
-2
 s
-1
), I is incident 
photon flux density (μmol m-2 s-1), and αleaf is leaf absorptance. Photochemcial quenching (qP) 
was determined by using the equation 4.4: where Fo is the minimum fluorescence.  
'
'
m
s
mPSII
F
F
F   Eq. 4.2 
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Growth and Production 
At 75 days after planting, three plants per wild type and FBP1 line were randomly 
selected and all above ground biomass harvested from the SoyFACE ring plots in 2011. Leaf 
tissue of each plant was separated and three samples of leaf tissue (3 cm
2
) were then cut with a 
circular punch from three leaves selected at random per plant. All material was dried to constant 
weight at 60 Cº. Specific leaf area (area mass
-1
) was determined for each plant from the three leaf 
discs that were cut. Total leaf area was estimated as the product of the specific leaf area by total 
leaf mass of each plant. Leaf area index (one-sided leaf area per unit ground area; Beadle 1993), 
was determined by dividing the estimated plant leaf area by the ground area occupied by one 
plant, i.e. the inverse of the number of plants per square meter of plot. 
When seed fill and dry down were complete the entire area of the large plots were 
harvested. The harvested plants were mechanically threshed to obtain the seeds (BT-14, 
ALMACO, Nevada, IW, USA). For the ring plots, 10 plants each of the wild type and FBP1 
lines were selected at random and harvested in 2010, and 15 plants of each in 2011. Final height, 
main stem circumference, pods per plant, seeds per plant, and node number were determined. 
However, due to leaf fall during senescence, leaf mass was not recorded. The plant material was 
divided into stem, pod, and seed and then dried to constant mass at 60 °C in an air-circulated 
oven.   
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Leaf Protein Extraction for Western Blot Analysis 
In 2011, at 45 days after emergence, protein was extracted from 1.27 cm
2
 (four 0.316 cm
2
 
subsamples) of leaf tissue from the wild type and FBP1 line for each biological replicate (n=4), 
following the procedure of Spence (2012). Samples were cut with a circular punch from the 
center trifoliate of each leaf using the same leaves for which A/ci and A/Q response curves were 
determined. Leaf punches were immediately frozen into liquid nitrogen and stored at -80 ºC until 
protein extraction. The frozen leaf samples were ground in individual tubes containing two 
stainless steel grinding balls (#GBSS 156-5000-01, OPS Diagnostics, Lebanon, NJ) twice for 30 
s at 300 rotations per minute (2000 Geno/Grinder, SPEX SamplePrep, Metuchen, NJ). To 
safeguard against the samples thawing during extraction, the sample tubes were returned to -80 
°C for 1 minute before being ground for the second 30s. The samples were then placed on dry ice 
and 500 µl of extraction buffer was added to each tube. The extraction buffer consisted of 50mM 
HEPES, pH 8.0, 0.05% v/v Triton-X 100, 1mM EDTA, pH 8.0, 10 mM MgCl2, 5.96 mM 
dithiothreitol, 1% w/v Casein, 1% w/v polyvinylpyrrolidone, and one protease inhibitor cocktail 
tablet per 10 ml of extraction buffer (complete ULTRA Tablets, Mini, EDTA-free tablets, Roche 
Applied Science, Indianapolis, IN, USA). After the extraction buffer was added the samples 
were homogenized once more for one minute at 300 rotations per minute, and then centrifuged 
for one minute at 15,000 x g and the supernatant stored at -80 °C until western blot analysis.  
 
Western Blot Analysis 
Western blot analysis followed the protocols of Spence (2012). Samples representing the 
extract from 1.27 cm
2
 of leaf were loaded onto SDS-PAGE 10% Tris-HCL gels (Mini-
PROTEAN TGX 456-1033, BIO-RAD Life Science, Hercules, CA). The extracted polypeptides 
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were separated by applying 200 V at 4 °C for 34 minutes. Pre-stained protein standards were 
loaded into the first and last wells of the ten to provide a molecular weight ladder (Precision Plus 
Protein™ Kaleidoscope Standards 161-0375, BIO-RAD Life Science, Hercules, CA). After 
separation, the proteins were blotted onto polyvinylidene fluoride membranes in a transfer buffer 
(0.025 M Tris base, 0.192 M Glycine, and 20% [v/v] methanol) at 100 V for one hour at 4 °C. 
Rubisco polypeptides were detected with rabbit polyclonal antibodies to the spinach Rubisco 
large subunit (Agrisera Antibodies, Vännäs, Sweden). The membranes were incubated with the 
primary poly-clonal antibodies targeting Rubisco, in Tris buffered saline (170-6435, BIO-RAD 
Life Science, Hercules, CA) with 0.05% TWEEN 20 (P5927, Sigma-Aldrich, St. Louis, MO, 
USA) with constant agitation, at room temperature, for three hours. After primary antibody 
incubation the membranes were washed and then incubated with anti-rabbit IgG alkaline 
phosphatase antibody produced in goat, affinity isolated (A7539, Sigma-Aldrich) with constant 
agitation, at room temperature, for one hour. The secondary antibody was detected with a 
mixture of 5-bromo-4-chloro-3-indolyl-phosphate (BCIP) and nitro blue tetrazolium (NBT) 
(Western Blue® Stabilized Substrate, Promega, Madison, WI, USA). After air drying, each 
membrane was photographed using a single-lens reflex digital camera (D80 and AF Micro 
Nikkor 60mm lens, Nikon, Chiyoda-ku, Tokyo, Japan). The relative volume and intensity for 
each band was quantified by 2-D image analysis, and reported as ImageQuant volume (IQV; 
ImageQuant TL 7.0, GE Healthcare Biosciences, Little Chalfont, U.K.). 
 
Results 
Weather 
 In both years, temperatures during the growing season were similar to each other and to 
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the 30 year average. However, the monthly rainfall for June 2010 and April 2011 were nearly 
double the 30 year average (Table 4.1). The unusually high amounts of precipitation in June 
2010, over 200 mm of rainfall, caused flooding and delayed planting. 
 
Development 
The transgenic plants displayed significant differences in developmental timing, when 
compared to wild type, in the SoyFACE ring plots as well as the large plot. In the 2010 growing 
season it took a greater number of days for the FBP1 line to complete its life cycle (P<0.0001) as 
well as more days in reproduction (P<0.0005) when grown at ambient [CO2] relative to the wild 
type (Table 4.3). At elevated [CO2] the FBP1 line also required 2.4 more days to complete its life 
cycle (P<0.0001), as well as 3.4 more days in reproduction. (P<0.0001). In both CO2 treatments, 
the FBP1 line showed significant increases in time of seed fill when compared to wild type. At 
ambient [CO2] the seed fill stage was increased by 6 days (P<0.0001), but only by 1 day in the 
elevated [CO2] (P<0.05; Table 4.3). 
In the 2011 SoyFACE plots, the FBP1 line again showed an increase in the number of 
days required to complete its life cycle, but only 1.8 days in total growing days (P<0.0001), 1 
day in the vegetative stage (P<0.01), and an additional 0.7 days in the reproductive stage at 
ambient [CO2] (P<0.1). The FBP1 line was observed to have an increase of 2.1 days in the full 
pod stage (P<0.0001), and 1.5 days in the seed fill stage in ambient [CO2] (P<0.001). At elevated 
[CO2], the FBP1 line showed an increase in number of days required to complete its life cycle by 
1.3 days (P<0.0001), with an additional 0.7 days in the vegetative stage (P<0.1) and 1.5 days in 
the full pod stage (P<0.001). However, the number of days in the reproductive stage was not 
increased at elevated [CO2] (Table 4.3). 
82 
 
The FBP1 line displayed significant developmental timing differences compared to the 
wild type at ambient [CO2] in the large plots which were added in 2011. The FBP1 line had an 
increase of 6.4 days required to complete its life cycle (P<0.0001), an increase of 1.3 days in 
vegetative growth (P<0.0001), and a 5.1 day increase in the reproductive stage (P<0.001). 
Additionally, the FBP1 line also showed increases in the total time in the full pod stage by 1.42 
days (P<0.0001), and in the seed fill stage (P<0.0001). With extension of the growing season the 
FBP1 line accumulated 22 additional growing degree days (°Cd). The majority of the additional 
growing degree days, 19 °Cd, were accumulated in the vegetative stage. The FBP1 line 
accumulated 5 °Cd in the full pod stage and 28 °Cd in the beginning seed stage. However, there 
was a decrease of 13 °Cd in the seed fill stage due to decreasing average daily temperatures later 
in the season (Table 4.4.) There were significant interactions between [CO2] and G. max line for 
the time in seed fill (F1,227 = 7.50, P=0.0067) and beginning senescence (F1,227 = 4.33, P=0.0386). 
 
Photosynthesis 
The rate of light saturated CO2 uptake (Asat) was increased by16% at ambient [CO2] 
(P<0.001) and 15% at elevated [CO2] when measured at 41-50 DAP (P<0.0001; Table 4.5). The 
Vc,max of the FBP1 line was not significantly greater than the wild type at ambient [CO2], 
although it was significantly higher when grown at elevated [CO2] (P<0.05). Significant 
increases observed in other measures of photosynthesis in saturating light in the FBP1 plants, 
relative to the wild type, when grown at ambient [CO2] were: quantum efficiency of photosystem 
II (ΦPSII; P<0.05), quantum yield of CO2 assimilation (ΦCO2) (P<0.01), and photochemical 
quenching (qP) (P<0.05). These increases were repeated when the two genotypes were grown in 
elevated [CO2] (ΦPSII (P<0.05), ΦCO2 (P<0.01), qP (P<0.01; Table 4.5). In addition, at elevated 
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[CO2] the FBP1 line showed a higher electron transport rate, as inferred from the A/ci response 
(Jmax; P<0.0001). 
The A/Q response shows a clear and highly significant increase in the light saturated rate 
of CO2 uptake (Asat) of the FBP1 line, relative to the wild type, grown and measured in both 
ambient and elevated [CO2] (Figure 4.3; Table 4.5). In ambient [CO2], Asat was increased 16% 
from 30.63 ±1.28 µmol m
-2
 s
-1
 in the wild type to 35.58 ±1.36 µmol m
-2
 s
-1
 in the FBP1 line. In 
elevated [CO2], Asat was also increased 16% from 33.83 ±1.46µmol m
-2
 s
-1
 in the wild type to 
39.15 ± 1.46 µmol m
-2
 s
-1
 in the FBP1 line. However, as indicated in Fig. 4.3, there was no 
significant effect of the transformation on the light-limited rate of CO2 uptake, as indicated by 
the maximum quantum yield of CO2 uptake (ΦCO2,max) which was 0.062 ±0.001 in both the wild 
type and FBP1 line at ambient [CO2], and 0.073 ± 0.001 in the wild type and 0.075 ±0.001 in the 
FBP1 line at elevated [CO2]. In neither case was there a significant difference between the 
genotypes. There were no significant interactions between [CO2] and G. max line. 
Gas exchange measurements taken 99 days after planting (DAP) showed that the FBP1 
line in ambient [CO2] had significantly higher rates of A (6.38 ±1.46) when compared to the wild 
type plants (1.04 ±1.67; P<0.05). In elevated [CO2] the FBP1 line similarly had higher rates of A 
(6.41 ±2.1) compared to the wild type (1.73 ±0.51; P<0.05).  
 
Productivity  
In the 2010 field season the FBP1 plants grown at ambient [CO2] had an end-of-season 
increase of 32% in their stem mass (P<0.05), and plants grown at elevated [CO2] had an increase 
of 28% (P<0.005; Figure 4.1). Plant height at the time of harvest was also increased by 8% at 
ambient [CO2] (P<0.005). The FBP1 line grown at elevated [CO2] showed increases in height of 
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10% (P<0.0001), main stem circumference of 8% (P<0.05), and number of stem nodes by 12% 
(P<0.001; Table 4.2).  
 In the 2011 field season, FBP1 plants harvested 75 DAP had increases in total mass by 
41% (P<0.05), leaf mass by 43% (P<0.1), and LAI by 35% (P<0.01) relative to the wild type line 
grown at ambient [CO2]. At elevated [CO2] increases were observed in total mass by 25% 
(P<0.1) in leaf mass by 29% (P<0.1) and in LAI by 28% (P<0.1; Table 4.6). In the 2011 
SoyFACE ring plots the FBP1 line showed increases in mass at ambient [CO2], on a per plant 
basis, of 23% for total shoot (P<0.01), stem 32% (P<0.001), pod 23% (P<0.01), and seed 19% 
(P<0.05; Table 4.7). The FBP1 line produced 1.4 more nodes per plant when compared to the 
wild type (P<0.0001). The average plant height increased by 3.5% (P<0.05), and stem 
circumference by 11% for the FBP1 line at ambient [CO2] (P<0.05). The number of pods per 
plant increased by 25% (P<0.01), and the total number of seeds per plant increased by 20% 
(P<0.05). The harvest index for the FBP1 line decreased by 4% (P<0.001) and the ratio of stem 
mass to the total mass increased by 7% (P<0.001) when compared to wild type (Table 4.7).  
 In elevated [CO2] the FBP1 line showed a 28% increase in total shoot dry mass 
(P<0.0001), resulting from increases in mass of the stem by 42% (P<0.0001), pods by 23% 
(P<0.01), and seed by 21% (P<0.01; Table 4.7). In parallel with the 2010 season, there were 
almost two more nodes per plant compared to the wild type (P<0.0001). The total number of 
nodes per plant, as well as the average increase observed in the FBP1 line, was consistent across 
the 2010 and 2011 years. The FBP1 line grown at elevated [CO2] showed an increase in average 
plant height of 7% (P<0.001), stem circumference of 12% (P<0.0001), number of pods per plant 
of 23% (P<0.01) and the total number of seeds per plant of 20% (P<0.01). The harvest index for 
the FBP1 line decreased by 5% (P<0.001) and the ratio of stem mass to the total mass increased 
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by 8% (P<0.001) when compared to wild type (Table 4.7). There were no significant interactions 
between [CO2] and G. max line. 
The end of season harvest of the large plots, which were limited to the ambient [CO2] 
conditions, showed an increase of 10.5% in yield on an area basis for the FBP1 line (4.23 t/ha) 
compared to the wild type (3.83 t/ha) (P<0.05; Figure 4.4). 
 
Western Blot Analysis 
The Western Blot analysis for differences in Rubisco protein amount found no significant 
differences between the wild type and FBP1 lines. Image analysis of the Western blots for the 
plants grown at ambient [CO2] gave a Rubisco quantity of 474 ±52 AI (arbitrary units) for the 
wild type compared to 407 ±30 for the FBP1 line, which was not significant (P = 0.1652). This, 
compared to 526 ±7 for the wild type and 469 ±42 for the FBP1 grown at elevated [CO2], again 
indicated that the difference was not significant (P = 0.2336; Figure 4.6). 
 
Discussion 
 This study examined whether G. max expressing the FBP1 gene would show increased 
photosynthesis and yield in a field production setting, and whether the increase would be greater 
at elevated [CO2], reflecting anticipated future conditions (IPCC, 2007). Over two years it was 
found that G. max transformed with the FBP1 gene showed both higher leaf photosynthesis (Asat 
16%, Table 4.5) and higher seed yield per hectare (10.5%, Fig. 4.4). As in previous studies, 
growth in elevated [CO2] increased photosynthesis significantly, and the elevated [CO2] had an 
additive effect on the transformed plants expressing the FBP1 gene. Miyagawa et al. (2001) had 
already shown that this transformation resulted in increased photosynthesis and productivity in 
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tobacco. However, the wild type tobacco showed a low Asat of just 9.5 µmol m
-2
 s
-1
, well below 
the rates achieved by a modern soybean cultivar where mid-day values of 25 – 30 µmol m-2 s-1 
are observed through much of the growing season (Bernacchi et al. 2006). Therefore, it may be 
more difficult to increase photosynthesis in a crop already selected for high productivity, and 
indirectly for high photosynthesis. However, the 16% increase in Asat observed here was highly 
significant, despite being only about half of the 31% for the best transformant in tobacco 
(Miyagawa et al. 2001). It is important to note that during the 2011 growing season, at the 
SoyFACE facility, there was no reported stimulation of Asat by elevated [CO2] in the soybean 
cultivar Pioneer 93B15 due to drought stress (Carl Bernacchi, personal communication). This is 
consistent with the small increases in Asat shown in the wild type grown at elevated [CO2]. 
 The cultivar used here, Thorne, is relatively old and is no longer widely used. It is 
therefore possible that the yield advantage observed here might be different from a modern 
cultivar. However, the yield achieved here was about 3.8 t/ha or 64 bu/a. The highest yields of 
the best current production cultivars tested on the Experimental Farm of the University of Illinois 
in Urbana in 2011 achieved 3.8 t/ha or 64 bu/a (Department of Crop Sciences, 2011). When cv. 
Thorne was included in comparative trials in Urbana at the University of Illinois, its three year 
average yield was 50 bu/a (Department of Crop Sciences, 2007). The higher yields recorded for 
cv. Thorne in the present study may in part result from the use of small plots managed to a level 
that would not be practical at farm scale. Nevertheless, these yields suggest a smaller difference 
between Thorne and current lines than initially predicted. Further, the yield gain here was in part 
suppressed by a lower harvest index (HI) in the transformant, suggesting sink limitation. A more 
modern cultivar may have a higher sink capacity and so may avoid this loss of HI. 
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Trial Establishment 
The 2010 field season was affected by unusually heavy rains, which delayed planting and 
establishment of the crop across the region. Flooding caused death of individual plants 
throughout the rows, increasing intra-row plant spacing. Fortunately, the variability was 
controlled for by the randomized complete block design. However, the additional plant spacing 
resulted in significant differences in individual plant size and exposure to light, which no doubt 
increased inter-plant and inter-leaf variability. 
 
Photosynthesis 
One of the questions in this study is whether the FBP1 line would have greater rates of 
photosynthetic CO2 uptake than the wild type line, similar to the previous observation in tobacco 
(Miyagawa et al. 2001). If photosynthetic resources were optimized from Rubisco to RuBP-
regeneration, theoretically there could be an increase of 60% in light-saturated photosynthetic 
CO2 uptake (Zhu et al. 2007). While this study shows a significant improvement in the rates of 
photosynthetic CO2 uptake for the FBP1 line, the gains of 14% and 12% for ambient and 
elevated [CO2], respectively, fall far short of the theoretical increase (Figure 4.2). While the 
analysis of Zhu et al. (2007) suggested the largest single gain would be achieved by increasing 
SBPase activity, achieving a 60% increase required many further changes, including an increase 
in Rubisco, which was absent here.   
 The increase in Asat, but not ΦCO2,max, is particularly important, indicating that the 
expected primary effect of this transformation is consistent with physiological observation. The 
FBPase/SBPase bifunctional enzyme is advantageous to the plant under light-saturated 
photosynthetic conditions because the SBPase enzyme exerts metabolic control over CO2 
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assimilation (Raines et al. 2003; Lefebvre et al. 2005). RuBP-regeneration is limited by the most 
limiting step in the whole chain electron transport rate, and all the enzymes of the photosynthetic 
carbon reduction cycle downstream of Rubisco. Transgenic increases and decreases in 
expression of different proteins, primarily in tobacco, have suggested that variation in SBPase 
and Cyt b6/f exert more influence on RuBP synthesis in saturating light than any others (Raines 
2006; 2011; Yamori et al. 2011). Jmax  provides an in vivo measure of RuBP regeneration, since 
elevation of [CO2] shifts control of light-saturated photosynthesis away from Rubisco toward 
RuBP-regeneration (Long et al. 2004; Bernacchi et al. 2005), increasing capacity for RuBP-
regeneration via increased SBPase expression at elevated [CO2]. This expectation is met in the 
current study. In ambient [CO2], Jmax is 153 (µmol m
-2
 s
-1
) in the wild type and 158 (µmol m
-2
 s
-
1
) in the FBP1 line, a 3% increase that is not statistically significant (Table 4.5). However, in 
elevated [CO2] the FBP1 line has a Jmax  of 146 (µmol m
-2
 s
-1
) compared to 131(µmol m
-2
 s
-1
) in 
the wild type, a statistically significant 11% increase. 
 
Development  
By day 75 after planting, leaf area index was increased by about 30% in both ambient and 
elevated [CO2] compared to wild type (Table 4.6). This large increase occurred when a single 
row of the transformant was planted. In this situation, a small advantage could be amplified prior 
to canopy closure, because of the positive feedback through the compound interest effect. 
However, when compared to the wild type, the FBP1 line showed significant differences in 
development relative to the wild type. There was a significant extension of the total growing 
season and seed fill phase (R6). The extension of seed fill in the FBP1 line was stimulated by 
growth at elevated [CO2], as demonstrated by a significant interaction between [CO2] and G. max 
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line. In the large plot at ambient [CO2], the total number of growing days increased by nearly a 
week, and plants accumulated 22 additional growing degree days (°Cd). The extension of the 
field season was photosynthetically productive, with the FBP1 line showing higher rates of 
carbon assimilation compared to the wild type near the end of the growing season (105 DAP). 
Interestingly, while the FBP1 line had an increase in its total days in seed filling, it actually 
displayed a decrease of total °Cd accumulated for that stage, compared to the wild type line in 
the large plot (Table 4.4). The extension of vegetative growth and additional accumulated °Cd 
before seed filling is consistent with the increase in total vegetative biomass observed for the 
FBP1 line (Figure 4.5; Table 4.7). When grown in ambient [CO2] the FBP1 line also displayed a 
more sudden senescence compared to wild type (Table 4.3; Table 4.4). The increase in total °Cd 
does illustrate a potential concern, that an extended growing season increases the risk of an early 
frost killing of pods before completion of seed filling (Morgan et al. 2005).  
 
Productivity 
Increasing the SBPase activity in C3 photosynthesis has been predicted to improve 
photosynthesis and crop productivity, especially in elevated atmospheric [CO2] (Ainsworth and 
Ort, 2010; von Caemmerer et al. 2010). This has also been experimentally demonstrated in 
tobacco grown overexpressing SBPase from Arabadopsis thaliana (Rosenthal et al. 2011). As 
predicted, the FBP1 line had increases in total mass and stem mass in both field seasons, as well 
as improved seed yield in 2011 (Figure 4.2; Table 4.7). The FBP1 line at 75 DAP had increases 
in total biomass, leaf mass, and large increases in LAI; this is consistent with the measured 
photosynthetic increases, additional nodes and extended time in vegetative growth (Tables 4.3; 
4.5; 4.6). The initial investment in vegetative growth is also observed in the end of season 
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measures, with increases in all measures of productivity except individual seed mass and harvest 
index in both CO2 treatments (Table 4.7). The decrease in harvest index is due to an increased 
investment in the ratio of stem mass to total mass. This study has definitively shown that the 
expression of the FBP1 gene, encoding the FBPase/SBPase bifunctional enzyme, resulted in 
increased biomass and more importantly seed yield, on an individual and area basis (Figure 4.4; 
4.5; Table 4.7).   
The data presented in this Chapter has demonstrated the potential for expressing 
cyanobacterial genes in a highly productive C3 crop to increase photosynthesis and productivity. 
Consistent with our hypothesis, the FBP1 line has displayed stimulation of photosynthesis and 
productivity when exposed to elevated [CO2], providing a potential avenue for future C3 crop 
improvement beyond traditional breeding methods.  
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Figures and Tables 
 
Figure 4.1. End-of-season production from the 2010 SoyFACE FBP1 experiment. Total mass per plant of wild type 
and FBP1 transgenic from the 2010 SoyFACE growing season. Constituents of total drymass and significant 
differences between wild type and FBP1 are shown, values are arithmetic mean ±SE, * P<0.1 ** P<0.05, *** 
P<0.001. P values were obtained from a complete block two-way mixed model ANOVA with [CO2] and genotype 
as the fixed effect (n=4). 
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Figure 4.2. Comparison of wild type and FBP1 line light-saturated (Q= 2000 µmol m
-2
 s
-1
) leaf CO2 uptake (A) at 
ambient and elevated [CO2] in the 2011 field season. * indicates significant difference between the wild type and 
FBP1 lines (P<0.01) determined from a complete block two-way mixed model ANOVA with [CO2] and genotype as 
fixed effects (n=4). 
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Figure 4.3. Comparison of wild type and FBP1 photosynthetic leaf CO2 uptake (A) versus photosynthetic photon 
flux (Q) curves at ambient (392 µmol mol
-1
) and elevated [CO2] (600 µmol mol
-1
) at a leaf temperature of 25 Cº. 
Measurements were taken 41-50 DAP in the 2011 field season. The fitted lines are a 3-parameter non-rectangular 
hyperbola describing the response of A to Q fit to the measurements made for each leaf (n=19 at ambient [CO2]; 
n=16 for elevated [CO2]). 
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Figure 4.4. 2011 SoyFACE ambient [CO2] large plot, seed yield per hectare. Bars represent the arithmetic mean 
yield per hectare
-1 
±SE, * indicates a significant difference P<0.05 determined from a complete block two-way 
mixed model ANOVA with [CO2] and genotype as fixed effects (n=4).  
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Figure 4.5. End-of-season production from the 2011 SoyFACE FBP1 experiment. Total mass per plant of wild type 
and FBP1 transgenic from the 2011 SoyFACE growing season. Constituents of total drymass and significant 
differences between control and FBP1 are shown above mass figures, bars represent the arithmetic mean ±SE, *, **, 
*** represents significant difference at a P < 0.05, 0.01, 0.001 respectively determined from a complete block two-
way mixed model ANOVA with [CO2] and genotype as fixed effects (n=4). 
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Figure 4.6. Quantitative Rubisco western blot of the wild type and FBP1 line 45 DAP, grown at elevated [CO2]. 
Lane 1 started on the left side of the image. Lanes 1 and 10 were molecular weight protein standards, lanes 2-5 were 
biological replicates of the wild type, lanes 6-9 were biological replicates of the FBP1 line.  
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       Year Month 
Precipitation 
(mm.) Rain Days 
Average 
High Temp 
(C°) 
Average 
Low  Temp 
(C°) 
Average 
Mean Temp 
(C°) 
Daily 
Max Precipit
ation (mm.) 
2010 Jan. 31.5 7 -3.39 -10.06 -6.72 9.1 
2010 Feb. 40.9 9 -0.44 -8.00 -4.22 16.5 
2010 Mar. 73.9 12 11.94 1.11 6.56 18.0 
2010 Apr. 52.8 11 21.33 7.61 14.44 16.5 
2010 May 86.6 14 23.72 12.50 18.11 22.9 
2010 Jun. 211.6 17 29.00 18.56 23.78 34.3 
2010 Jul. 95.3 10 30.50 19.44 25.00 29.7 
2010 Aug. 41.7 6 31.33 18.78 25.06 23.4 
2010 Sep. 81.3 12 26.33 12.94 19.67 24.1 
2010 Oct. 27.9 6 20.83 6.22 13.50 9.7 
2010 Nov. 97.8 7 12.11 -0.72 5.67 39.9 
2010 Dec. 64.8 9 -1.44 -8.83 -5.17 26.7 
2010 Tot. 906.0 120 16.83 5.78 11.33 39.9 
2010 Wtr. 168.1 27 -0.61 -8.06 -4.33 30.0 
2010 Spr. 213.4 37 19.00 7.06 13.06 22.9 
2010 Smr. 348.5 33 30.28 18.94 24.61 34.3 
2010 Fal. 207.0 25 19.78 6.17 12.94 39.9 
2011 Jan. 16.8 9 -1.89 -10.00 -5.94 4.3 
2011 Feb. 95.8 10 2.44 -5.67 -1.61 25.7 
2011 Mar. 34.5 8 10.67 -0.06 5.28 14.2 
2011 Apr. 188.5 19 17.83 6.00 11.94 55.4 
2011 May 125.2 14 22.22 11.00 16.61 38.6 
2011 Jun. 106.2 13 28.44 17.17 22.83 36.6 
2011 Jul. 40.1 4 33.06 21.11 27.11 29.2 
2011 Aug. 44.7 5 31.11 17.56 24.33 29.0 
2011 Sep. 69.3 12 23.89 11.83 17.83 17.3 
2011 Oct. 62.5 10 20.06 5.89 13.00 28.7 
2011 Nov. 119.9 14 12.44 2.50 7.50 23.9 
2011 Dec. 69.6 11 6.06 -2.17 1.94 23.4 
2011 Tot. 973.1 129 17.22 6.28 11.72 55.4 
2011 Wtr. 177.3 28 -0.28 -8.17 -4.22 26.7 
2011 Spr. 348.2 41 16.89 5.67 11.28 55.4 
2011 Smr. 191.0 22 30.89 18.61 24.78 36.6 
2011 Fal. 251.7 36 18.78 6.72 12.78 28.7 
 Jan. 51.4 9 0.71 -7.83 -3.55 16.6 
 Feb. 55.3 9 3.37 -5.61 -1.11 22.6 
 Mar. 72.9 11 10.24 -0.44 4.92 24.5 
 Apr. 94.6 12 17.31 5.03 11.18 29.8 
30 Year May 123.4 12 23.22 11.00 17.12 38.4 
Average Jun. 108.2 10 28.21 16.32 22.28 37.0 
 Jul. 115.0 10 29.69 18.31 24.01 41.7 
 Aug. 93.9 9 28.90 17.22 23.07 38.2 
 Sep. 78.6 8 25.65 12.56 19.12 32.5 
 Oct. 82.4 10 18.59 6.19 12.40 29.2 
 Nov. 95.8 10 10.49 0.63 5.57 30.8 
 Dec. 69.7 11 2.87 -5.39 -1.25 23.4 
 Tot. 1041.4 121 16.65 5.71 11.19 69.5 
 Wtr. 176.1 29 2.23 -6.35 -2.05 33.2 
 Spr. 290.9 35 16.92 5.20 11.07 45.8 
 Smr. 317.2 29 28.94 17.29 23.13 59.6 
 Fal. 256.9 28 18.24 6.46 12.36 47.0 
 
Table 4.1 Mean annual and monthly climate data for 2010 and 2011, and 30 year averages, collected from the 
monitoring stations of the Illinois Climate Network located at Urbana, IL (lat. -88.23, long. 40.08).  
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Ambient [CO2]   Wild Type          FBP1   P-Value 
Height (cm)   65.59 ±1.34 70.86 ±1.77   0.0042 
Stem circumference (cm)     2.64 ±0.07   2.80 ±0.09   0.1364 
Number of nodes per plant   14.76 ±0.42 15.09 ±0.48   0.5762 
Pods per plant No Data   No Data         - 
Total number of seeds per plant 128.6 ±8.7   150.8 ±16.7   0.2003 
Individual seed weight (mg) 140.2 ±2.7   137.0 ±1.4   0.3280 
Seed mass (grams)  18.12 ±1.26 20.54 ±2.38   0.3747 
Stem mass (grams)    7.45 ± 1.56 9.85 ±0.98   0.0454 
Pod mass (grams)    7.91 ±0.56   8.49 ±0.92   0.5571 
Total mass (grams)  32.33 ±2.19     38.34 ±4.11   0.1963 
Harvest Index    0.5631 ±0.0050 0.5386 ±0.0040   0.0004 
Ratio of stem mass to total mass    0.2138 ±0.0061 0.2498±0.0039 <0.0001 
    
Elevated [CO2]   Wild Type         FBP1   P-Value 
Height (cm)   75.75 ±1.14 83.62 ±0.96 <0.0001 
Stem circumference (cm)     2.87 ±0.09   3.09 ±0.07   0.0184 
Number of nodes per plant   15.45 ±0.46 17.23 ±0.38   0.0007 
Pods per plant No Data   No Data        - 
Total number of seeds per plant 158.4 ±12.5   174.0 ±13.8   0.2378 
Individual seed weight (mg) 149.3 ±2.4   149.8 ±2.0   0.8295 
Seed mass (grams)   24.16 ± 2.06     26.48 ±1.80   0.377 
Stem mass (grams)   10.06 ±0.84     12.87 ±0.76   0.0029 
Pod mass (grams)     8.69 ±0.69   9.84 ±0.60   0.1374 
Total mass (grams)   42.92 ±2.50     49.19 ±3.13   0.0835 
Harvest Index     0.5590 ±0.0038       0.5342 ±0.0044 <0.0001 
Ratio of stem mass to total mass     0.2371 ±0.0035       0.2645 ±0.0044 <0.0001 
    
Table 4.2. Data from 2010 SoyFACE FBP1 experiment. Productivity results from the 2010 SoyFACE field 
experiment. Bolded titles and P-values indicate significant difference (P<0.1; n=4) determined from a complete 
block two-way mixed model ANOVA with [CO2] and genotype as fixed effects (n=4). 
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2010 Ambient [CO2]    Wild type       FBP1   P-Value 
Total Days 101.78 ±0.61 106.32 ±0.29 <0.0001 
Reproductive Days   60.42 ±0.41   62.70 ±0.41    0.0003 
Flowering     5.94 ±0.24     4.65 ±0.32    0.0485 
Beginning Pod     8.63 ±0.27     9.16 ±0.47    0.4237 
Full Pod     3.19 ±0.39     3.07 ±0.37    0.888 
Beginning Seed   14.75 ±0.22   14.77 ±0.33    0.9325 
Seed Fill   19.29 ±1.75   25.44 ±0.27 <0.0001 
Senescence     8.63 ±0.41     5.53 ±0.41 <0.0001 
    
2010 Elevated [CO2]    Wild type       FBP1   P-Value 
Total Days 106.80  ±0.45 109.22 ±0.64 <0.0001 
Reproductive Days   63.26  ±0.45   66.53 ±0.64 <0.0001 
Flowering     5.06 ±0.35     6.05 ±0.32    0.0698 
Beginning Pod     9.37 ±0.36   10.55 ±0.39    0.0538 
Full Pod     3.68 ±0.48     2.56 ±0.40    0.0402 
Beginning Seed   12.58 ±0.26   13.05 ±0.25    0.3856 
Seed Fill   25.90 ±0.26   26.98 ±0.35    0.0497 
Senescence     6.68 ±0.45     7.33 ±0.64    0.2388 
    
2011 Ambient [CO2]    Wild type       FBP1   P-Value 
Total Days 115.28 ±0.32 117.08 ±0.05 <0.0001 
Vegetative Days   44.06 ±0.34   45.12  ±0.24   0.0048 
Reproductive Days   71.19 ±0.35   71.89 ±0.24   0.0931 
Full Pod     4.57 ±0.27     6.69  ±0.25 <0.0001 
Beginning Seed     8.38 ±0.25     6.75 ±0.26 <0.0001 
Seed Fill   26.00 ±0.35   27.50 ±0.20   0.0003 
Beginning Senescence     9.33 ±0.35     6.98 ±0.22 <0.0001 
    
2011 Elevated [CO2]    Wild type       FBP1   P-Value 
Total Days  116.51 ±0.19  117.76 ±0.19 <0.0001 
Vegetative Days    45.76 ±0.25    46.44 ±0.26   0.0678 
Reproductive Days    70.74 ±0.29    71.37 ±0.32   0.1285 
Full Pod      5.77 ±0.32      7.26  ±0.20 <0.0001 
Beginning Seed      7.50 ±0.30      7.60 ±0.24   0.5011 
Seed Fill    27.99 ±0.27    28.32 ±0.28   0.4165 
Beginning Senescence      6.92 ±0.24      4.71 ±0.24 <0.0001 
    
Table 4.3. Data from 2010, 2011 FBP1 experiment. Time in stage differences observed in the 2010-2011 growing season 
between wild type and the FBP1 transformant. Bolded titles and P-values indicate significant difference (P<0.1; n=4) 
determined from a complete block two-way mixed model ANOVA with [CO2] and genotype as fixed effects (n=4). 
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2011 large plot (ambient [CO2])     Wild type GDD        FBP1 GDD   P-Value 
Total Days 109.78 ±0.24 1285  116.14 ±0.18 1307 <0.0001 
Vegetative Days   41.53 ±0.12 486    42.82 ±0.15 506 <0.0001 
Reproductive Days   68.26 ±0.27 799    73.31 ±0.22 801 <0.0001 
Full Pod     3.44 ±0.14 43      4.86 ±0.19 48 <0.0001 
Beginning Seed     7.61 ±0.14 98      8.96 ±0.18 126 <0.0001 
Seed Fill   23.18 ±0.24 227    24.93 ±0.27 214 <0.0001 
Beginning Senescence     8.26 ±0.22 41      9.62 ±0.22 32 <0.0001 
Table 4.4. Data from 2011 FBP1 experiment large plot at ambient [CO2]. Time in stage differences observed in the 2011 
growing season between wild type and the FBP1 transformant. Bolded titles and P-values indicate significant difference 
(P<0.1; n=4) determined from a complete block two-way mixed model ANOVA with [CO2] and genotype as fixed 
effects (n=4). 
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Ambient [CO2]   Wild Type    FBP1 P-Value 
Vcmax(µmol m
-2
 s
-1
) 129.97 ±3.80   134.89 ±3.75     0.3341 
Jmax(µmol m
-2
 s
-1
) 153.84 ±4.02   158.38 ±3.97     0.3619 
ΦPSII     0.1911 ±0.007       0.2144 ±0.0076 0.0266 
ΦCO2      0.01498 ±0.00051       0.01699 ±0.00054 0.0026 
ΦCO2 max     0.06247 ±0.00120       0.06206 ±0.00177 0.8316 
qP     0.4813 ±0.0114       0.5173 ±0.0123 0.0336 
Asat(µmol m
-2
 s
-1
)   30.63 ±1.28     35.58 ±1.36 0.0035 
ci (µmol mol
-1
) 261.41 ±10.13   279.53 ±9.82 0.2023 
gs (mol m
-2
 s
-1
)     0.5337 ±0.0296       0.5542 ±0.0259 0.4966 
Rd(µmol m
-2
 s
-1
)     1.63 ±0.09       1.68 ±0.09 0.6663 
    
Elevated [CO2]   Wild Type    FBP1 P-Value 
Vcmax(µmol m
-2
 s
-1
) 104.08 ±6.18  122.38 ±6.31     0.0111 
Jmax(µmol m
-2
 s
-1
) 131.32 ±5.61  145.67 ±4.99   <0.0001 
ΦPSII     0.1708 ±0.0081      0.1968 ± 0.0081     0.0242 
ΦCO2      0.01595 ±0.00056      0.01792 ±0.00056     0.0071 
ΦCO2, max     0.07335 ± 0.00129      0.07469 ±0.00116     0.5400 
qP     0.4198 ±0.01300      0.4759 ±0.0130 0.0028 
Asat(µmol m
-2
 s
-1
)   33.83 ±1.46    39.15 ± 1.46 0.0056 
ci (µmol mol
-1
) 430.63 ±14.00  446.57 ±7.28 0.2687 
gs (mol m
-2
 s
-1
)     0.4772 ± 0.0290      0.5029 ± 0.0287 0.5081 
Rd(µmol m
-2
 s
-1
)     1.77 ±0.09      2.03  ±0.08 0.0912 
    
Table 4.5. Photosynthetic characteristics taken from wild type and FBP1 plants grown in ambient and elevated 
[CO2] during the 2011 field season. Photosynthetic photon flux density = 2000µmol m
-2
 s
-1
. Estimates of Vcmax and 
Jmax were determined from fitted (A/ci) response curves by the most limiting photosynthetic process: Rubisco-
carboxylation limited, RuBP-regeneration limited, or triose phosphate utilization (TPU) limited assimilation rate. 
The estimate of Asat andRdwere determined from (A/Q) response curves using a 3-parameter non-rectangular 
hyperbola describing the response of A to Q. Bolded titles and P-values indicate significant difference (P<0.1; n=4) 
determined from a complete block two-way mixed model ANOVA with [CO2] and genotype as fixed effects (n=4). 
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Ambient [CO2] Wild Type     FBP1  P-Value 
Total Mass (grams) 15.18 ±1.51 21.41 ±1.79 0.0113 
Leaf Mass (grams)   4.12 ±0.39   5.9 ±0.47 0.0096 
LAI   7.32±0.70   9.89±0.84 0.0095 
    
Elevated [CO2] Wild Type     FBP1  P-Value 
Total Mass (grams) 17.62 ±2.62 21.97 ±1.25 0.0733 
Leaf Mass (grams)   4.47 ±0.69   5.75 ±0.36 0.0591 
LAI   6.81 ±0.88   8.72±0.54 0.0507 
    
Table 4.6. Data from plants harvested at 75 days after planting when the plants should be at or near peak biomass; 
before seed fill. Bolded titles and P-values indicate significant difference (P<0.1; n=4) determined from a complete 
block two-way mixed model ANOVA with [CO2] and genotype as fixed effects (n=4). 
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Ambient [CO2]    Wild Type       FBP1   P-Value 
Height (cm)   80.08 ±0.78   82.95 ±0.63   0.0149 
Stem circumference (cm)     1.79 ±0.04     1.98 ±0.4   0.0003 
Number of nodes   14.45 ±0.22   15.83 ±0.17 <0.0001 
Pods per plant   17.13 ±0.76   21.39 ±0.94   0.0032 
Total number of seeds per plant   41.4 ±1.9   49.6 ±2.5   0.0197 
Individual seed weight (mg) 139.8 ±1.7 138.3 ±2.0   0.5158 
Seed Mass (grams)     5.77 ±0.26     6.86 ±0.34   0.0320 
Stem Mass (grams)     3.83 ±0.17     5.07 ±0.26   0.0003 
Pod Mass (grams)     2.63 ±0.12     3.17 ±0.15   0.0238 
Total Mass (grams)   12.24 ±0.55   15.09 ±0.73   0.0071 
Harvest Index     0.4725 ±0.004     0.4523 ±0.005   0.0003 
Ratio of stem mass to total mass     0.3138 ±0.003     0.3368 ±0.005   0.0001 
    
Elevated [CO2]    
Height (cm)    83.87 ±1.31    89.53 ±1.19 <0.0001 
Stem circumference (cm)      1.88 ±0.03      2.11 ±0.4 <0.0001 
Number of nodes    15.98 ±0.25    17.70 ±0.24 <0.0001 
Pods per plant    20.17 ±1.12    24.83 ±1.01   0.0012 
Total number of seeds per plant    48.6 ±2.8    58.3 ±2.5   0.0054 
Individual seed weight (mg)  134.5 ±1.5  136 ±1.7   0.5191 
Seed Mass (grams)      6.55 ±0.39     7.93 ±0.36   0.0060 
Stem Mass (grams)      4.73 ±0.23     6.70 ±0.30 <0.0001 
Pod Mass (grams)      3.26 ±0.19     4.01 ±0.30   0.0017 
Total Mass (grams)    14.55 ±0.80   18.64 ±0.78   0.0001 
Harvest Index      0.4453 ±0.004     0.4234 ±0.005 <0.0001 
Ratio of stem mass to total mass      0.3321 ±0.005     0.3601 ±0.006 <0.0001 
    
Table 4.7. Data from 2011 SoyFACE FBP1 experiment. Productivity results from the 2011 SoyFACE. Bolded titles 
and P-values indicate significant difference (P<0.1; n=4) determined from a complete block two-way mixed model 
ANOVA with [CO2] and genotype as fixed effects (n=4).
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CHAPTER 5: GENERAL DISCUSSION 
 
 The research presented in this dissertation provides comprehensive and statistically 
defensible data on the photosynthesis and productivity of Glycine max [L.] Merr transformed 
with the ictB and FBP1 cyanobacterial genes. Previously, these transformations were of two 
model species of relatively low productivity, Arabidopsis thaliana [L.] and Nicotiana tabacum 
[L.] (Miyagawa et al. 2001; Lieman-Hurwitz et al. 2003). While both transformations showed 
improved photosynthetic leaf CO2 uptake and increased productivity, it could be argued that 
productivity gain would only be marginal in major crops that have already been highly selected 
for productivity. The transformation of G. max with the two cyanobacterial genes, ictB and 
FBP1, provided an opportunity to determine how plant photosynthesis, productivity, and 
development would be affected in an already highly productive C3 food crop. 
These two genes are expected to increase photosynthesis in C3 plants through different 
modes of action. Transformation with ictB is expected to facilitate bicarbonate transfer across the 
plastid membrane, increasing [CO2] within the stroma and at the site of Rubisco. If the 
transformation is effective then photosynthesis should be increased, regardless of whether 
Rubisco is limiting, as in high light and high intercellular CO2, or not limiting, as at low light. 
This is for two reasons: 1) Elevation of [CO2] at Rubisco inhibits oxygenation and accelerates 
carboxylation, such that even when light is limiting, more of the limiting supply of ATP and 
NADPH is used in carbon assimilation and less in photorespiratory metabolism. 2) Rubisco is 
not CO2 saturated at current atmospheric concentrations, and therefore when Rubisco is limiting, 
carboxylation will be accelerated by increased [CO2] (Long et al. 2004). FBP1 is expected to 
increase the stromal concentrations of FBPase and SBPase, two key enzymes that exert strong 
metabolic control over RuBP recycling when ATP and NADPH supply is not limiting. 
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Therefore, this transformation should increase photosynthesis when RuBP supply is limiting at 
saturating light (Raines 2003).      
 Chapter Two showed that in a controlled environment greenhouse, the ictB line showed 
significantly higher photosynthetic rates of leaf CO2 uptake (A), productivity, and seed yield per 
plant, but not in the FBP1 line. This was not due to a failure of the genes to express effectively, 
since the presence of the insertions was verified by RT-PCR and Southern blot analysis (Tom 
Clemente, personal communication). The lack of significant difference between the FBP1 line 
and the wild type may have been a result of relatively low light conditions in the greenhouse 
during winter (Lefebvre et al. 2005). This experiment may have provided too few conditions 
where a more productive phenotype would have been expressed, since its mode of action would 
only be effective in high light.  
The ictB plants showed statistically significant increases in the in vivo rate of RuBP- 
(ribulose-1,5-bisphosphate) limited photosynthesis, RuBP-saturated photosynthesis, mesophyll 
conductance (gm), and maximum rate of Rubisco carboxylation (Vc,max), all consistent with the 
hypothesis that ictB facilitates intracellular diffusion of HCO3
-
/CO2. The productivity of the ictB 
was also improved relative to the wild type; final plant mass increased by 13% and seed yield by 
15% due to an increase in the mass per seed by 13%. While the ictB showed increased 
photosynthetic leaf CO2 uptake and increased productivity, studies originally done in a 
controlled environment are often unable to achieve the previous increases in an open-air crop 
setting (Ainsworth et al. 2008). Furthermore, in the greenhouse, plants were grown individually 
in pots within a fully randomized design. In this environment spacing would be very different to 
a field crop, as would much of the environment. The phenotype could therefore be very different 
in a field agricultural setting.  
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Chapter Three showed that the ictB transgenic line, relative to wild type, achieves the 
increases in photosynthesis and productivity seen in the greenhouse over two years in an open air 
field experiment at the SoyFACE facility. However, in the ambient ring FACE plots the average 
increase in yield for 2011 was 27%, but 7% in the larger area plots that were added in 2011. Both 
were statistically significant increases over the wild type. Again, the larger increases in the 
FACE plots almost certainly reflect the fact that here a single row was planted, and thus a small 
increase in growth early in development could allow the plant to occupy more inter-row space 
and exaggerate a growth and yield advantage. In the large plots, adjacent rows were of the same 
genotype, which would avoid this problem. Therefore, it appears that the smaller 7% increase in 
the ictB line would be more representative of the yield increases at ambient [CO2].  
Over both years of this field study the ictB line showed improvements consistent with 
those seen in the greenhouse experiment; that is, higher light-saturated leaf photosynthetic CO2 
uptake (Asat), as well as higher seed yield per plant and per hectare. The effect of growth in 
elevated [CO2] was additive with the presence of ictB, as demonstrated by dramatic increases in 
A and Asat as well as increases in stem, pod, and seed mass, compared to the wild type grown at 
elevated [CO2]. Most importantly, the maximum quantum yield of CO2 assimilation (ΦCO2, max) 
was significantly increased in the ictB line. This finding is principally significant since it 
provides particularly strong evidence that ictB is improving passive diffusion of inorganic 
carbon, and is not actively transporting a form of carbon. The increase in ΦCO2, max also suggests 
that increases are likely not due to any pleiotropic effect, because increases in ΦCO2, max are only 
possible if [CO2] at Rubisco is increased, [O2] is decreased, or the kinetic properties of Rubisco 
are changed. Additionally, improvement in passive diffusion helps to explain why there is an 
additive effect of elevated [CO2] on photosynthesis and productivity in the ictB line. 
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Chapter Four showed, in a two year open-air field study at the SoyFACE facility, that the 
FBP1 line had increased photosynthesis and productivity when grown in elevated [CO2], 
consistent with the hypothesis that expression of the FBP1 gene would increase capacity for 
RuBP-regeneration at elevated [CO2]. Over the two-year field study, it was found that G. max 
transformed with the FBP1 gene showed 16% higher rates of leaf photosynthetic CO2 uptake 
(Asat), as well as an 11% increase in maximum rate of electron transport (Jmax) at elevated [CO2]. 
The increase in Jmax is particularly important because it provides an in vivo measure of RuBP 
regeneration. The elevation of [CO2] shifts control of light-saturated photosynthesis away from 
Rubisco toward RuBP-regeneration (Long et al. 2004; Bernacchi et al. 2005). However, the 
improved rate of light-saturated photosynthetic leaf CO2 uptake falls far short of the theoretical 
60%, predicted from optimizing resources from Rubisco to RuBP-regeneration. (Zhu et al. 
2007). 
Consistent with the observed increases in the rate of leaf CO2 uptake, the FBP1 line 
showed increases in total biomass, leaf mass, additional nodes, and large increases in LAI 75 
days after planting. Most importantly, the FBP1 line showed a 10.5% increase in yield per 
hectare. The yield achieved in the wild type line, 3.8 t/ha or 64 bu/a, was equivalent to the 
highest yields of the best current production cultivars tested on the Experimental Farm of the 
University of Illinois in Urbana for 2011 (Esgar et al. 2012). The higher yields recorded for wild 
type cv. Thorne were likely the result of the use of small plots managed to a level that would not 
be practical at farm scale. The increase in yield was also likely due to a significant extension of 
the total growing season and seed fill phase (R6). The extension of seed fill in the FBP1 line was 
stimulated by growth at elevated [CO2], as demonstrated by a significant interaction between 
[CO2] and G. max line.  
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The initial prediction, based on Monteith (1977), that seed yield would increase with an 
increase in the efficiency of converting radiation into biomass (c) is verified in Chapters 2, 3 and 
4, where increased rates of photosynthetic leaf CO2 uptake resulted in increases in total seed 
yield. However, the efficiencies of intercepting the available solar radiation (i), and then 
partitioning the biomass energy into the seed (p) are inherently linked to c, and any change to c 
has an impact on the other efficiencies. This is particularly demonstrated in Chapter 4 with the 
significant increases in leaf area index (LAI), and decreases in harvest index (HI) in the FBP1 
line compared to wild type. While increasing c has an additional benefit of increasing i, both 
the ictB line in Chapter 3 and the FBP1 line in Chapter 4 had significant decreases in their p. 
While the Monteith equation is valuable in demonstrating the fundamental reasoning that 
increasing c should result in increases in seed yield, the observed interactions between i, c and 
p demonstrate the need for a more comprehensive model for predicting seed yield. Decreases in 
p also suggest that seed yields may be further improved in the transformant lines through 
increasing the harvest index. Nevertheless, the data presented in this dissertation demonstrated 
the potential of expressing cyanobacterial genes in a highly productive C3 crop to increase 
photosynthesis and productivity.  
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APPENDIX A: LIST OF ABBREVIATIONS AND CONSTANTS 
 
 
Abbrev.    Explanation (units) 
 
A Net rate of CO2 uptake per unit leaf area (μmol m
-2
 s
-1
) 
Asat Light-saturated A (μmol m
-2
 s
-1
) 
Ca Atmospheric CO2 concentration (μmol mol
-1
)  
Cc Chloroplast CO2 concentration (μmol mol
-1
)  
Ci Intercellular CO2 concentration (μmol mol
-1
) 
FBPase Fructose-1:6-bisphosphatase 
FBP1 Cyanobacterial gene encoding a bifunctional FBPase/SBPase. 
gm Mesophyll conductance (mmol m
-2
 s
-1
) 
gs Stomatal conductance (mmol m
-2
 s
-1
) 
ictB Cyanobacterial gene coding for a putative inorganic carbon transporter 
J Rate of electron transport (μmol m-2 s-1) 
Jmax Maximum rate of J, estimated from the A/ci response (μmol m
-2
 s
-1
) 
Q Photosynthetic Photon Flux Density (μmol m-2 s-1). 
qP
 
Photochemical quenching (Dimensionless) 
Rd Dark respiratory rate of CO2 release from the leaf (μmol m
-2
 s
-1
) 
RuBP Ribulose-1:5-bisphosphate 
Rubisco  RuBP carboxylase/oxygenase 
SBPase Sedoheptulose-1:7-bisphosphatase 
Vc,max Maximum RuBP saturated rate of carboxylation (μmol m
-2
 s
-1
)  
ΦCO2 Quantum yield of CO2 uptake i.e. the ratio of A to a given Q (Dimensionless) 
ΦCO2,max The maximum quantum yield: the initial slope of the A/ci  curve (Dimensionless) 
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ΦPSII Quantum yield of PSII (Dimensionless) 
GDD Growing degree days (°Cd) 
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